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ABSTRACT 
 
 
 The degradation and turnover of cellular components is essential for biological systems to 
remove damaged components and maintain functional intracellular contents. Autophagy is a 
vesicle-mediated process by which cellular contents can be degraded through trafficking to the 
lysosome or vacuole where lytic processes occur. The majority of a cell’s RNA and large 
quantities of its protein can be found in ribosomes. Ribosomes represent a significant metabolic 
investment. However, little is known about the turnover of these highly abundant ribonuclear 
organelles in plants.  
 
RNase T2 enzymes represent a widely conserved class of ribonucleases present in the 
genomes of nearly all eukaryotes tested. Here I report on a function of the Arabidopsis T2 
RNase, RNS2, and autophagy in the degradation of RNA within the vacuole under normal 
growing conditions. When RNS2 is knocked out in Arabidopsis, autophagy is increased. 
Autophagic vesicles in mutants contained RNA and ribosomal subunits. Both autophagy and 
RNS2 are involved in the degradation of rRNA in Arabidopsis. rns2 mutants also accumulated 
ribosomal RNA within the vacuole that was eliminated in an atg5 background, indicating 
autophagy is used as a pathway for rRNA transport into the vacuole for degradation. The 
functional localization of the RNS2 protein in plants was also unknown. RNS2 was previously 
shown to be localized to endoplasmic reticulum bodies and the vacuole. Studies here, report that 
intracellular retention and vacuolar localization are required for RNS2’s physiological function. 
 
As an alternative degradative RNA transport mechanism, my studies also show that RNA 
can be directly transported into the vacuole via a trans-membrane, macroautophagy-independent 
pathway. Exogenously added RNA accumulated within purified Arabidopsis vacuoles and 
	  	   vii	  
required the hydrolysis of ATP to facilitate transport. A DEVH-box helicase mutant shows 
reduced RNA transport and an increased autophagy phenotype, indicating it may be involved in 
an RNautophagy-like mechanism in plants.  
 
Taken together, results reported herein show that autophagy and RNS2 ribonuclease 
function in the degradation of rRNA in Arabidopsis under normal growing conditions, and that 
RNA degradation carried out by RNS2 occurs within the vacuole. This work also provides 
evidence for a novel mechanism of RNA transport into the vacuole via an ATP-dependent, trans-
membrane transport pathway in Arabidopsis.  
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CHAPTER 1 
 
GENERAL INTRODUCTION 
 
 
Autophagy in plant cells and evidence for selectivity 
 
 
A combination of sections taken from: 
 
A review accepted by Journal of Integrative Plant Biology1 
Brice E. Floyd1, Stephanie C. Morriss2,* , Gustavo C. MacIntosh2,3, and Diane C. Bassham1,3, †† 
 
A book chapter accepted by Springer Reference, Cell Biology2 
Rahul Roy1, Brice E. Floyd1, and Diane C. Bassham1, †† 
Ed. Sarah Assmann and Bo Liu 
 
A book chapter accepted by Springer3 
Brice E. Floyd1, Yunting Pu1, Junmarie Soto-Burgos1, and Diane C. Bassham1,4 
Ed. Arunika Gunawardena and Paul McCabe 
 
1. Department of Genetics, Development, and Cell Biology, Iowa State University, Ames, IA 
50011, USA 
2. Roy J. Carver Department of Biochemistry, Biophysics & Molecular Biology, Iowa State 
University, Ames, IA 50010, USA 
3. Plant Sciences Institute, Iowa State University, Ames, IA 50011, USA 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Floyd,	  B.	  et	  al.	  What	  to	  Eat:	  Evidence	  for	  Selective	  Autophagy	  in	  Plants.	  Journal	  of	  	  
	  	  	  Integrative	  Plant	  Biology.	  2012.	  54(11):	  907-­‐20.	  2	  Roy,	  R.	  et	  al.	  Autophagy	  and	  Endocytosis.	  Cell	  Biology.	  2014.	  Ed.	  Assmann,	  S.,	  Liu,	  B.	  1-­‐26.	  	  	  	  	  Springer,	  New	  York,	  NY.	  3Floyd,	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  Autophagic	  Cell	  Death.	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  Programmed	  Cell	  Death.	  2014.	  Ed.	  	  	  	  	  Gunawardena,	  A.,	  McCabe,	  P.	  New	  York,	  NY:	  Springer.	  In	  Press.	  4Author	  for	  correspondence.	  Tel	  +1-­‐515-­‐294-­‐7461,	  bassham@iastate.edu	  (D	  Bassham).	  *	  	  S.M.	  wrote	  the	  selective	  autophagy	  section	  on	  ribophagy	  and	  prepared	  figure	  8	  used	  in	  	  	  	  	  	  this	  introduction.	  All	  other	  sections	  and	  figures	  were	  written	  and	  prepared	  by	  B.F.	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1.1 Abstract 
 
 
Autophagy is a macromolecular degradation pathway by which cells recycle their 
contents as a developmental process, house-keeping mechanism, and response to environmental 
stress. In plants, autophagy involves the sequestration of cargo to be degraded, transport to the 
cell vacuole in a double-membrane bound autophagosomes, and subsequent degradation by lytic 
enzymes. Autophagy has generally been considered to be a non-selective mechanism of 
degradation. However, studies in yeast and animals have found numerous examples of selective 
autophagy, with cargo including proteins, protein aggregates, and organelles. Recent work has 
also provided evidence for several types of selective autophagy in plants. The degradation of 
protein aggregates was the first selective autophagy described in plants, and more recently, a 
hybrid protein of the mammalian selective autophagy adaptors p62 and NBR1, which interacts 
with the autophagy machinery and functions in the autophagy of protein aggregates, was 
described in plants. Other intracellular components have been suggested to be selectively 
targeted by autophagy in plants and additional adaptor proteins identified. Here I report on the 
function of autophagy in plant cells and recent findings regarding the selective targeting of cell 
components by autophagy in plants.  
 
1.2 Introduction 
 
 
For a cell to survive and proliferate it must monitor intrinsic factors such as 
developmental stage or metabolic demands of the organism, and extrinsic factors like 
environmental conditions. Essentially, the cell needs to know when to grow and when not to 
grow. Cells have evolved sophisticated machinery for detecting environmental conditions and 
signaling to downstream components in order to proliferate in favorable conditions or to slow 
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growth and target components for degradation in unfavorable conditions as a mechanism of 
survival. Cells also require mechanisms to turnover their internal components, both as a method 
to downregulate a molecular pathway, and to recycle its own internal contents. Intracellular 
turnover mechanisms free-up substrate for use in the synthesis of new cellular contents. 
Recycling internal cell contents is especially important when outside substrates are scarce to 
promote cell proliferation and survival, such as during starvation stresses. The turnover of 
intracellular materials such as cytoplasmic proteins and organelles is also essential for 
maintaining cellular homeostasis and functional organelles under a variety of conditions.  
Two well-studied mechanisms for intracellular degradation in eukaryotes are the 
ubiquitin-proteasome system and autophagy, which together represent the two main bulk 
degradation pathways (Li and Vierstra 2012). The ubiquitin-proteasome system (Hachez et al. 
2014) uses ubiquitin-ligase proteins to covalently link chains of the small ubiquitin protein to 
cargo selected for degradation. The tagged cargos are then degraded in the cytoplasm by an 
ATP-dependent proteasome complex. This system is involved in a variety of cell processes 
including the removal of non-functional translation products, degradation of short-lived 
regulatory proteins, and a general mechanism of protein turnover (Li and Vierstra 2012). 
However, the degradation of large portions of the cytoplasm, long-lived proteins, protein 
aggregates, and organelles is mostly carried out by the autophagy pathway (Floyd et al. 2012).  
Autophagy comes from the Greek words “auto” meaning ‘self’ and “phagy” meaning ‘to 
eat’ and is a mechanism for a cell to do just that, eat its own components. Rather than 
degradation occurring in the cytosol, components that will be degraded are transferred into 
membrane-bound lytic compartments such as the lysosome, autolysosome, or vacuole where 
they are broken down and recycled. 
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The autophagy pathway is most likely found in all eukaryotes and has been studied 
extensively in yeast, animals and plants (Chung 2011). Several types of autophagy exist, 
including microautophagy, chaperone-mediated autophagy, cytoplasm-to-vacuole targeting 
(Cvt), macroautophagy, and selective autophagy. Microautophagy involves the invagination of 
the vacuolar membrane to form an intravacuolar vesicle (autophagic body) containing 
cytoplasmic components. The autophagic body is then degraded in the vacuole. In chaperone-
mediated autophagy, which is only known to occur in animal cells, cargo is directly transported 
into the lysosome in an ATP-dependent manner via lysosomal trans-membrane transporters and 
co-factors, rather than in membrane-bound vesicles, as in the other types of autophagy (Dice 
2007). The Cvt pathway is unique to yeast and plays a biosynthetic role rather than a lytic role in 
the cell (Umekawa and Klionsky 2012). It is responsible for the trafficking of vacuolar 
hydrolases synthesized in the cytoplasm into the vacuole where they function. Although the 
process serves a biosynthetic role, it is still considered a form of autophagy because autophagy 
ATG proteins are involved in trafficking the enzymes from the cytoplasm to the vacuole. 
Microautophagy and macroautophagy are the two forms of autophagy for which there is 
evidence in plant cells, and they both utilize the vacuole as the target lytic compartment and final 
cargo destination (Liu and Bassham 2012).  
Macroautophagy (often simply referred to as autophagy) is the most studied and best 
understood form of autophagy in plants and is the focus of this dissertation. It involves the 
enclosure of a portion of the cytoplasm into a double-membrane vesicle (Fig. 1). Upon initiation 
via upstream signals, autophagy proceeds first through a nucleation step in which a cup-shaped 
membrane is assembled to form a structure called a phagophore near the targeted cargo. The 
membrane then elongates and eventually fuses, producing a double-membrane vesicle, the 
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autophagosome. The newly formed and sealed autophagosome may then be acidified and 
trafficked to the vacuole. Upon reaching the vacuole the outer membrane of the autophagosome 
fuses with the vacuolar membrane (also called the tonoplast) and the vesicle’s contents are 
degraded by lytic enzymes, thereby making the breakdown products available to the cell. 
Autophagy is important as a general mechanism to maintain homeostasis, tolerate stress, 
and carry out developmental requirements of an organism. This dissertation presents research 
into the function of autophagy in degrading ribosomes as a general turnover pathway in 
Arabidopsis.  
1.3 The early days of autophagy research 
 
Historically, the first reports of autophagy came from observations in mammalian cells 
using electron microscopy, a technology developed in 1933 (Ruska 1987). Johannes Rhodin first 
reported observing mitochondria inside membrane-bound vesicles in 1954, although at the time 
he had no interpretation for the observation (Eskelinen et al. 2011). Later work by Christian de 
Duve and others in 1955 eventually led to the discovery of the lysosome (De Duve et al. 1955; 
De Duve and Wattiaux 1966). De Duve, who is considered by many to be the father of 
autophagy, is also responsible for coining the terms ‘lysosome’, ‘autophagy’, ‘peroxisome’, 
‘exocytosis’, and ‘endocytosis’. Using electron microscopy, de Duve observed double- and 
single-membrane vesicles in the cytoplasm containing organelles and other cytoplasmic 
components that were sometimes partially degraded (Klionsky 2007). Further morphological 
analysis took place through the 1980s that elucidated the process and biogenesis of 
autophagosomes (Seglen and Gordon 1982; Gordon and Seglen 1988). A major advance in 
autophagy research came in the early 1990s. The autophagy process in the model organism 
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Saccharomyces cerevisiae (baker’s yeast) was found to be similar to that of mammalian cells, 
and yeast genetic screens led to the discovery of a number of genes involved in the formation of 
autophagosomes that were termed “AuTophaGy” (ATG) genes (Takeshige et al. 1992; Tsukada 
and Ohsumi 1993; Matsuura et al. 1997). Later, researchers discovered the ATG12 and ATG5 
genes in mammals, and that the conjugation of ATG12 and ATG5 proteins was conserved with 
that in yeast (Mizushima et al. 1998; Klionsky 2007). Yeast has since served as an important 
model organism to understand the molecular processes, regulation, and function of autophagy in 
eukaryotic cells. A history of autophagy research has been reviewed by Eskelinen et al. 2011 and 
Daniel Klionsky (Klionsky 2007; Eskelinen et al. 2011). 
In mammalian cells autophagosomes fuse with and are subsequently degraded within the 
lysosome. In plants and yeast, autophagosomes instead fuse with the vacuole and their cargo is 
either stored in the vacuole or degraded by the lytic enzymes present there. Autophagy-like 
processes were reported in plant cells in the late 1960s and early 1970s. Using electron 
microscopy, organelles and cytoplasmic components were observed in membrane-bound vesicles 
within the plant cell vacuole (Matile 1975; Yoshimoto et al. 2010). Studies in Zea maize 
documented the process of microautophagy in which vacuolar membrane invaginations formed 
single-membrane vesicles containing cytoplasm within the vacuole (Matile and Moor 1968; 
Yoshimoto et al. 2010). A form of autophagy also appears to be involved in the de novo 
formation of the plant vacuole, although its relationship to other types of autophagy is unclear. 
Vesicles and tubules were seen to fuse together forming provacuoles and eventually a larger 
central vacuole (Marty 1997). Double membrane-bound vesicles in plants containing 
cytoplasmic components were also reported in 1967 as the first description of macroautophagy in 
plants (Villers 1967; Matile 1975; Yoshimoto et al. 2010). Later studies on the vesicles found 
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them to be acidic and contain lysosomal acid hydrolases (Marty 1978; Marty 1997). Electron 
microscopy studies were instrumental in gaining an initial understanding of autophagosome 
morphology and location in the cell (Eskelinen et al. 2011). As an example, figure 2 illustrates 
single-membrane vesicles containing cytoplasmic organelles within the vacuole of Arabidopsis 
root cells after treatment with concanamycin A, which raises vacuolar pH and inhibits lytic 
activity, causing vesicles to accumulate (Fig. 2). More molecular and genetic studies of 
autophagy in plants began following the discovery of ATG genes in yeast and mammals. The 
first ATG homologues in plants were reported in 2002, identified by sequence similarity to 
known yeast ATG genes. The first of these was ATG9, believed to be involved in membrane 
trafficking to the growing autophagosome (Hanaoka et al. 2002). So far, ~33 ATG genes have 
been identified in yeast and ~30 homologous genes identified in the plant Arabidopsis 
(Yoshimoto et al. 2010; Liu and Bassham 2012).  
1.4 Molecular mechanism of autophagy 
 
The formation of an autophagosome requires many molecular players (Mizushima et al. 
2011; Lv et al. 2014; Noda and Inagaki 2015). The proteins involved in autophagy can be 
divided into functional categories beginning with the regulation of autophagy and ending with 
fusion of the autophagosome and vacuole (Table 1). Much of the genetic and biochemical 
characterization of these ATG proteins was initially carried out in yeast. Yeast has been a very 
powerful genetic system to tease out the molecular details, since the core autophagy machinery 
was found to be conserved between yeast, animals, and plants. Differences between species arise 
mainly from additional proteins outside of the core process of autophagosome formation. The 
interaction between ATG1 kinase and ATG13 is the first step in initiating autophagy, 
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downstream of TOR, as found in yeast, animals and plants (Kamada et al. 2000; Chang and 
Neufeld 2009; Suttangkakul et al. 2011).  
ATG1-ATG13 is believed to phosphorylate other autophagy proteins and enhance their 
function (Chung 2011; Li and Vierstra 2012). In yeast, ATG1 directly phosphorylates ATG9. 
This leads to the efficient recruitment of ATG8 and ATG18 and growth of the autophagosomes 
(Nair et al. 2012). Mammalian ULK1, which functions like ATG13 in Arabidopsis, is also 
known to target Beclin-1 (Nazarko and Zhong 2013). Beclin-1 is a homolog of Arabidopsis 
ATG6 and functions as part of the phosphoinositol-3-kinase complex (Fujiki et al. 2007). An 
abbreviated molecular model for phagophore formation is detailed (Fig. 3). 
1.4.1 Ubiquitin-like conjugation and phagophore formation 
The cytoplasmic formation of an autophagosome relies on two ubiquitin-like conjugation 
systems, one that covalently links ATG8 to the phospholipid phosphatidylethanolamine (PE) and 
another that conjugates ATG12 to ATG5. Both ATG8 and ATG12 have similar structural 
features as the protein tag ubiquitin, hence the term “ubiquitin-like conjugation” (Geng and 
Klionsky 2008; Shpilka et al. 2011). The ATG8 conjugation pathway begins with cleavage of the 
C-terminus of ATG8 by ATG4 to expose a terminal glycine residue with some protein isoform 
specificity (Park et al. 2014; Woo et al. 2014). Once processed, ATG8 is covalently bound by 
ATG7, which functions as an E1 ligase. ATG7 then facilitates the covalent linkage of ATG8 to 
ATG3, functioning as an E2 ligase. As a final step ATG8 is conjugated to PE, which serves as 
the substrate of ubiquitin-like labeling with ATG8, linking it to the phagophore membrane. 
ATG8 resides on both the inner and outer membrane of a completed autophagosome. Prior to 
autophagosome fusion with the vacuole, ATG8 protein coating the outer surface of the 
autophagosome is cleaved from PE by ATG4. The deconjugation of ATG8 from PE on the outer 
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membrane of autophagosomes is required for autophagosome biogenesis and vacuole fusion 
(Nair et al. 2012). 
A second conjugation exists for ATG12. ATG12 is first activated by ATG7. Once active, 
ATG12 is bound to ATG10, which mediates the conjugation of ATG12 with ATG5. Finally 
ATG12-ATG5 non-covalently interacts with ATG16. Four of these ATG12-ATG5-ATG16 
conjugates form a tetrameric complex that is essential for autophagy and is involved in the 
ATG8-PE conjugation reaction (Yoshimoto et al. 2010). 
1.4.2 Membrane recruitment and elongation 
Another important aspect of autophagosome formation is the delivery of lipid to the site 
of autophagosome biogenesis for membrane elongation. This process is mediated, at least in part, 
by ATG9, ATG2, and ATG18 (Li and Vierstra 2012). ATG9 is an integral membrane protein. 
Small ATG9-containing vesicles cycle between different membrane sources and the growing 
autophagosome (Yamamoto et al. 2012). The precise source of membrane for autophagosome 
formation is debated in the field. Membrane has been proposed to come from the Golgi 
apparatus, mitochondria, endoplasmic reticulum, an endoplasmic reticulum-Golgi intermediate 
compartment, and plasma membrane (Tooze and Yoshimori 2010; Mari et al. 2011; Militello and 
Colombo 2011; Yamamoto et al. 2012; Ge et al. 2013; Ge et al. 2014). In Arabidopsis, the 
endoplasmic reticulum has been found to accompany the movement and expansion of the 
phagophore and can cradle autophagosome formation (Le Bars et al. 2014). In yeast, the kinase 
activity of ATG1 targets ATG9 protein, which is essential for the proper recruitment of ATG18 
and ATG8 for autophagosome membrane expansion (Papinski et al. 2014). After an autophagic 
vesicle is formed, ATG9 may be recycled from either the autophagosome or vacuole membrane 
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or it may be degraded since it isn’t found associated with completed autophagosomes (He and 
Klionsky 2007; Webber and Tooze 2010; Yamamoto et al. 2012). 
ATG2 and ATG18 are peripheral membrane proteins also involved in the membrane 
elongation process and both can interact with ATG9 (Obara et al. 2008). Little is known about 
ATG2 aside from the fact that it interacts with ATG9 and ATG18, forming a complex at the 
growing phagophore. ATG18 is required for autophagy in plants and binds to 
phosphatidylinositol 3-phosphate which is generated by the phosphatidylinositol 3-kinase 
complex found on the phagophore membrane (Xiong et al. 2005; Obara et al. 2008). ATG18 is 
also needed for the localization of ATG2 and for ATG9 recycling (Reggiori et al. 2004). 
Together ATG2, ATG9 and ATG18 facilitate membrane recruitment and elongation of the 
phagophore (Obara et al. 2008; Liu and Bassham 2012; Yamamoto et al. 2012). 
1.4.3 Phosphatidylinositol 3-kinase complex 
A third component of the autophagosome biogenesis machinery is the 
phosphatidylinositol 3-kinase complex (PtdIns3K). The complex acts on the phagophore 
membrane periphery and consists of three known components in plants: VPS34, which is a class 
III PtdIns3K, VPS15, which is a serine/threonine kinase, and ATG6 (Welters et al. 1994; Li and 
Vierstra 2012; Noda and Inagaki 2015). The PtdIns3K complex is believed to recruit other 
autophagy-related proteins to the phagophore by phosphorylating the phosphatidylinositol in the 
phagophore to phosphatidylinositol 3-phosphate (PI3P), which recruits PI3P binding proteins. 
The autophagy protein ATG18, in complex with ATG2, is able to recognize PI3P and is 
recruited to the site of modification (Obara et al. 2008). The binding of ATG18 to the 
phagophore membrane is believed to help facilitate its interaction with ATG9 and ATG2 and to 
promote membrane elongation. FREE1 is another protein that associates with PtdIns3K. Its 
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interaction functions as a cross-talk mechanism between the endosomal sorting pathway and 
autophagy (Gao et al. 2015), and may play a role in vesicle maturation and fusion. Once the 
vesicle is formed it is trafficked to and fuses with the vacuole. This probably involves the soluble 
N-ethylmaleimide-sensitive-factor attachment protein receptor (SNARE) protein VTI12, in 
addition to other as yet unidentified SNAREs (Surpin et al. 2003; Liu and Bassham 2012). 
Subsequent degradation of the single membrane vesicle and its cargo then occurs through the 
activity of lytic enzymes residing in the vacuole. 
1.5 Regulation of autophagy 
 
A large body of evidence in multiple eukaryotic organisms, including Arabidopsis 
thaliana and Chlamydomonas reinhardtii, implicates the target of rapamycin (TOR) protein as a 
key regulator of cell growth and development in response to nutrient conditions (Diaz-Troya et 
al. 2008; Moreau et al. 2010; Chung 2011). Under high nutrient conditions, TOR activates 
catabolic growth pathways such as protein and pyrimidine synthesis and inhibits autophagy, 
whereas under low nutrient conditions growth pathways are inhibited and autophagy is activated 
(Liu and Bassham 2010; Loewith and Hall 2011; Ben-Sahra et al. 2013). TOR (Target Of 
Rapamycin) is so named because it was identified in screens for yeast mutants that are resistant 
to the effects of the chemical TOR inhibitor, rapamycin. In yeast, rapamycin binds FKBP12, a 
member of the FK506 and rapamycin-binding protein family, and inhibits the TOR Ser/Thr 
kinase (Heitman et al. 1991). Rapamycin also inhibits TOR activity in plants and algae (Crespo 
et al. 2005; Xiong and Sheen 2012). Effective chemical inhibition of TOR has been essential to 
studying its function since TOR knockout mutants in plants have lethal phenotypes (Menand et 
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al. 2002). TOR is a member of the phosphatidylinositol kinase-related kinases family based on 
its sequence, but functionally is a serine/threonine protein kinase (Diaz-Troya et al. 2008).  
TOR is a central controller of many metabolic processes, including autophagy. It 
functions by inhibiting catabolic processes such as mRNA degradation and autophagy, and 
promoting anabolic processes such as ribosome biogenesis, transcription, and protein synthesis 
(Fig. 4). Without TOR, embryo and endsoperm development in plants is arrested, making a tor 
null mutation embryo-lethal. Interestingly, in mammals TOR is expressed in all tissues but in 
plants TOR expression is predominantly limited to meristems, regions of undifferentiated cells 
that give rise to the plant organs (Diaz-Troya et al. 2008). This expression pattern may reflect the 
high levels of protein synthesis required for meristem function.  
TOR functions in most organisms in two separate complexes with different protein 
partners and signaling intermediates (De Virgilio and Loewith 2006; Diaz-Troya et al. 2008). In 
plants, only one TOR complex has so far been identified, containing three polypeptides, TOR 
itself, RAPTOR and LST8 (Liu and Bassham 2010; John et al. 2011; Moreau et al. 2012). TOR 
is modified by upstream signals for nutrient availability, growth factors, and stress sensing, and 
controls downstream cellular processes through its kinase activity (Schmelzle and Hall 2000; 
Raught et al. 2001; Loewith and Hall 2011; Ren et al. 2012). RAPTOR is an essential component 
of the TOR kinase complex and acts as a scaffold protein by binding TOR substrates and 
presenting them for phosphorylation by TOR kinase (Hara et al. 2002; Mahfouz et al. 2006). 
LST8 stabilizes the TOR complex by binding the kinase domain of TOR and seems to be 
required for full catalytic activity of the TOR kinase (Wedaman et al. 2003). 
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Only a few downstream substrates of TOR have been identified. One target of the TOR 
complex is S6K (ribosomal p70 S6 kinase), which is responsible for phosphorylating the small 
ribosomal protein S6 and promoting mRNA translation. Another TOR substrate may be EBP1, 
which regulates ribosome assembly and translation. In plants, the phytohormone auxin can 
induce TOR signaling and activation. Upon auxin exposure, TOR phosphorylates S6K, which is 
associated with polysomes on the 5’ UTR of short, untranslated open reading frames (uORFs). 
Phosphorylation of S6K by TOR causes dissociation of active S6K, and allows for the translation 
of longer open reading frames. The phosphorylation of eukaryotic initiation factor 3h (eIF3h) by 
S6K enhances translation re-initiation, and efficient translation of full-length polypeptides from 
mRNAs associated with cell-cycle control, hormone responses, and sugar signaling (Bogre et al. 
2013; Schepetilnikov et al. 2013). Auxin signaling through TOR, thus drives the translation of 
proteins involved in transcriptional control of cell enlargement and proliferation in plants.  
Autophagy proteins (ATG proteins) are also believed to be targets of the TOR complex. 
Combining information from several model organisms including Arabidopsis, a model for the 
regulation of autophagy can be drawn. TOR functions to inhibit autophagy by regulating the 
ATG1-ATG13-ATG17 kinase complex. TOR is believed to hyperphosphorylate members of the 
ATG1-ATG13-ATG17 complex, inhibiting their autophagy-inducing function. Following the 
inhibition of TOR by upstream signals, the ATG1-ATG13 complex activates autophagy via 
phosphorylation of other autophagy proteins involved in phagophore formation (Diaz-Troya et 
al. 2008; Chung 2011; Li and Vierstra 2012; Liu and Bassham 2012; Papinski et al. 2014). Other 
regulatory components of autophagy have been reported in some species, but currently TOR is 
the best-understood regulator of autophagy in plants. 
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Since TOR is a cytoplasmic complex, it is able to rapidly detect signals and mediate rapid 
induction of autophagy through protein-protein interactions. However, a sustained response 
requires transcriptional activity and the synthesis of new proteins. In mammals, nuclear receptor 
proteins have been found to transcriptionally regulate autophagy genes for a sustained autophagy 
response (Lee et al. 2014; Seok et al. 2014; Settembre and Ballabio 2014). A flux between 
transcriptional activators and repressors plays out in the nucleus during fed and fasted states, 
turning autophagy genes off and on respectively. This ensures enough autophagy proteins are 
available in the cytoplasm for a proper response when needed, and that de novo synthesis is 
repressed when autophagy is not needed. A similar mechanism of transcriptional regulation in 
plants has not yet been described. 
1.6 Functions of autophagy in plants 
 
Autophagy is known to have multiple functions in the cell, one of which is a general 
homeostatic quality and quantity control mechanism by which cells target their own cytoplasmic 
components for degradation. In mammals autophagy is implicated in development, programmed 
cell death, and a number of diseases (Eskelinen and Saftig 2009; Todde et al. 2009; Jia and 
Sowers 2015; Vlada et al. 2015). In plants, autophagy is associated with stress tolerance, 
development, programmed cell death, and pathogen infection (Liu and Bassham 2012; Lv et al. 
2014). It is also used as a method to traffic and degrade starch within chloroplasts at night that 
was accumulated from photosynthesis during the day (Wang et al. 2013). Interestingly, the 
classical autophagy process in Arabidopsis is not essential to life since mutants that lack 
autophagy machinery are able to survive and complete a full life cycle. Other mechanisms of 
cytosolic component turnover may be present to sustain homeostasis. However, Arabidopsis 
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autophagy mutants do show developmental phenotypes and greater susceptibility to stress (Liu 
and Bassham 2012). Under normal conditions autophagy functions at a basal level to facilitate 
general housekeeping and turnover of the cytoplasm and organelles. By removing damaged or 
unwanted components, autophagy provides substrates such as amino acids and lipids to the cell 
for de novo biosynthesis.  
1.6.1 Autophagy in stress tolerance 
Perhaps the best-studied function of autophagy in plants is in stress responses. Analysis 
of mutants, mainly in Arabidopsis, has allowed the contribution of autophagy to plant stress 
tolerance to be assessed. Mutants with defects in the autophagy pathway are more sensitive to 
multiple stresses (Bassham 2009), indicating that activation of autophagy under these conditions 
plays an important role in plant survival. The relationship between cell survival vs. cell death for 
whole organism survival under these stress conditions is often unclear, but autophagy is 
generally considered to act in a pro-survival mode during abiotic stress.  
Autophagy as a pro-survival pathway has been studied extensively in yeast. Many atg 
mutants were identified initially due to their loss of viability under nitrogen starvation conditions 
(Takeshige et al. 1992). atg yeast cells undergoing nitrogen starvation are unable to maintain 
adequate amino acid and protein synthesis levels due to loss of protein degradation and recycling 
(Onodera and Ohsumi 2005). Upon starvation, wild type cells upregulate respiratory pathways 
and ROS scavenging proteins while atg mutants fail to do this, leading to ROS accumulation and 
deficient respiration (Suzuki et al. 2011). Autophagy is therefore required for upregulation of 
starvation-induced proteins and may be important in maintaining mitochondrial integrity during 
N-starvation. Dysfunction of mitochondria is considered the principal cause of cell death in yeast 
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atg mutants, together with reduced protein synthesis and ROS accumulation, illustrating a pro-
survival role for autophagy during nutrient starvation.  
Autophagy is also upregulated in plants during abiotic stress conditions such as nutrient 
starvation [minus nitrogen, minus carbon, minus phosphate], high salt, osmotic stress, oxidative 
stress, heat stress, and endoplasmic reticulum stress and is essential to prolong survival under 
these conditions (Yoshimoto et al. 2010; Floyd et al. 2012; Li and Vierstra 2012; Liu and 
Bassham 2012; Tasaki et al. 2014; Zhou et al. 2014). Autophagy was initially shown to be 
activated in response to nutrient starvation in suspension cell cultures from several plant species 
(Aubert et al. 1996; Moriyasu and Ohsumi 1996; Chen et al. 2004; Contento et al. 2004) and 
later in whole plants (Doelling et al. 2002; Hanaoka et al. 2002; Xiong et al. 2005; Chung et al. 
2009). Under these conditions, autophagy is primarily thought to be a non-selective process and 
to function in the recycling of nutrients when nutrients are severely limiting. This allows 
essential protein synthesis to continue, which generates other critical biosynthetic precursors and 
enables the citric acid cycle to function by providing alternative substrates (Bassham et al. 2006).  
Autophagy is also important during periods of oxidative stress (Xiong et al. 2007; Xiong 
et al. 2007; Liu and Bassham 2012; Perez-Martin et al. 2014). Oxidative stress occurs in plants 
either directly through encountering oxidative chemicals in the environment, or as a result of 
abiotic stress exposure such as high light, salt, or osmotic stress. Oxidative stress causes the 
accumulation of reactive oxygen species that are toxic to the cell due to the production of 
oxidized proteins and damaged organelles, which in turn produce more reactive oxygen species, 
thus amplifying the damage. Clearance of damaged components and reactive oxygen species by 
autophagy helps prolong cell survival. Autophagy also functions in a variety of other abiotic 
stresses in plants. It is activated during drought (Liu et al. 2009), salt (Liu et al. 2009), ER (Liu et 
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al. 2012; Perez-Martin et al. 2014), and heat (Zhou et al. 2013; Zhou et al. 2014) stresses, and 
probably acts to degrade damaged, denatured, and aggregated proteins under these conditions. 
These might include: ER fragments during ER stress (Liu et al. 2012; Liu and Bassham 2013; Pu 
and Bassham 2013; Perez-Martin et al. 2014), and protein aggregates during heat stress (Zhou et 
al. 2013).  
While autophagy as a response to abiotic stresses is well studied, there is relatively little 
evidence for its function in cell death during these conditions. A few exceptions exist in which 
cell death has been examined during stress. In the unicellular green alga Micrasterias 
denticulata, salt stress causes organelle degradation by autophagy accompanied by DNA 
breakdown indicative of cell death (Affenzeller et al. 2009). Similarly, in the salt-tolerant 
Arabidopsis relative Thellungiella halophile, high salt concentrations cause both autophagy and 
cell death (Wang et al. 2010). Heavy metal toxicity can also lead to both autophagy and cell 
death in plants, probably due to oxidative stress (Zhang and Chen 2011). In all of these cases, 
however, it is not clear whether autophagy is responsible for the cell death observed or merely 
accompanies cell death activated via an alternative mechanism to reclaim nutrients. 
1.6.2 Autophagy in development and programmed cell death 
Autophagy is not an essential process in some plants. When genes involved in 
autophagosome biogenesis are knocked-out, plants can still complete a full life cycle under 
normal growing conditions. Autophagy mutants, however, often show some developmental 
phenotypes, such as decreased plant size or reduced seed yield, suggesting autophagy is required 
for normal development (Patel and Dinesh-Kumar 2008; Li et al. 2015). Rice, however, requires 
autophagy for reproductive organ development. A lack of autophagy renders plants male-sterile, 
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and implicates autophagy in normal male gametophyte development (Hanamata et al. 2014; 
Kurusu et al. 2014). 
One of the major roles of autophagy in a developmental process in plants is in 
senescence. The concepts of senescence and organism death are different between animals and 
plants. Somatic mutation, telomere attrition, and the molecular costs of repair and maintenance 
of an organism serve as a mark for senescence in animals (Thomas 2013). However, in plants 
these death factors are less significant to the lifespan of the plant. Autophagy-related regulatory 
networks integrated with nutrient signaling may have a dominant part to play in the 
developmental senescence process (Thomas 2013). Some theories in animal systems suggest that 
ageing and progressive deterioration is a result of an imbalance between the energy demands of 
reproduction and growth, and the cost of repair and maintenance (Kirkwood 2002). Such a 
theory for senescence may not apply to plants since plants are material and energy rich (Thomas 
and Sadras 2001). Autophagy, and the growth and autophagy regulator TOR, may be key players 
in senescence and death within plants, as TOR is a point of convergence for energy status, 
nutrient availability, mRNA translation, autophagy, and cell longevity (Thomas 2013).  
In plants, senescence is an important developmental stage involving large-scale nutrient 
remobilization. Senescence is also carried out by programmed cell death (PCD). During 
senescence, nutrients present in the leaves are mobilized to the seeds as the plant reaches full 
maturity. In fact, the majority of leaf nitrogen is found in the chloroplast photosynthetic enzyme 
rubisco. Autophagy is involved in this re-mobilization of nutrients from the leaves and in the 
shrinkage and degradation of chloroplasts (Ishida and Wada 2009; Wada et al. 2009; Guiboileau 
et al. 2013; Li et al. 2015). Although mutant Arabidopsis plants defective in autophagy are able 
to proliferate under normal conditions, they do show earlier leaf senescence and accelerated 
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bolting compared to wild-type plants, implicating autophagy in some developmental processes 
(Yoshimoto et al. 2010; Liu and Bassham 2012). Autophagy is also thought to be involved in the 
remobilization of nutrients and storage of materials in seeds (Li et al. 2015). For example, seed 
development in wheat may use a non-degrading autophagy pathway to transport storage proteins 
from the endoplasmic reticulum directly to protein storage vacuoles and bypassing the Golgi 
(Levanony et al. 1992; Galili et al. 1993; Marty 1999). The development and biogenesis of the 
vacuole may also occur through an autophagy pathway (Marty 1997). However, autophagy 
mutants show normal vacuole biogenesis, suggesting that a form of autophagy that differs from 
basal and stress-induced autophagy may be responsible for vacuole formation. 
Autophagy is implicated in senescence of the whole plant. Modulation of senescence 
requires incorporation of multiple environmental and developmental signals to determine the 
time of senescence (Lim et al. 2007; Thomas 2013). atg9 (Hanaoka et al. 2002), atg7 (Doelling 
et al. 2002), atg18 (Xiong et al. 2005), and atg5 (Yoshimoto et al. 2009) mutants all show an 
early senescence phenotype, suggesting a role for autophagy in control of senescence. However, 
the early senescence phenotype observed in autophagy mutants seems to be due to increased 
levels of the plant hormone salicylic acid (SA) rather than the lack of autophagy. SA is involved 
in plant growth and development as well as plant defense responses (Rivas-San Vicente and 
Plasencia 2011). Interestingly, lowering endogenous levels of SA in atg mutants, either through 
blocking biosynthesis or by enzymatic breakdown of SA, eliminates the early senescence 
phenotype under nutrient rich conditions (Yoshimoto et al. 2009). Autophagy has also been 
shown to degrade chloroplast components during senescence through the degradation of rubisco-
containing bodies, reducing both the size and number of chloroplasts (Ishida et al. 2008; Wada et 
al. 2009), thus contributing to the leaf senescence process. 
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In addition to senescence, multiple examples of developmental PCD in plant tissues have 
been described, some of which may involve autophagy (van Doorn and Woltering 2005). These 
include the formation of xylem and vascular vessels, embryo development, pollen growth down 
the style, stigma hair cell elimination, weak shoot death, and leaf shape. In all cases vacuole size 
increases and various organelles disappear. The tonoplast then ruptures along with the plasma 
membrane and sometimes the cell wall is degraded (van Doorn and Woltering 2005). 
Microscopic observation of cell morphology suggests the involvement of autophagy, but the 
extent to which cell death results from autophagy or from other cell death pathways (apoptosis-
like and necrosis) is difficult to determine. Clearly observing autophagy as defined in animals 
(double membrane cytoplasmic vesicles and the presence of an autolysosome) during 
developmental PCD has been more difficult in plants.  
The temporal processes of plant senescence and PCD have been studied using the lace 
plant (Aponogeton madagadcariensis), illustrating a role for both macroautophagy and mega-
autophagy (whole-cell breakdown) in developmental PCD (Wertman et al. 2012). During PCD, 
actin filaments thicken into larger bundles that eventually disappear during late PCD. 
Mitochondria and chloroplasts form groupings and also aggregate in the vacuole as cell death 
progresses. Organelle aggregate formation increases and the aggregates are surrounded by 
phospholipid bilayers and found within the vacuole. Late PCD involved tonoplast rupture, 
nuclear shrinkage, plasma membrane collapse, and cell wall disappearance (Wertman et al. 
2012). 
Only a few examples exist in which autophagy has been shown to be required for the 
PCD process during plant development, often through the study of atg and related mutants. For 
example, the role of autophagy during xylem tracheary element differentiation was studied using 
21	  	  
atg5 and rabGTPase mutants (Kwon et al. 2010; Kwon et al. 2011). Rab proteins regulate many 
steps in endomembrane transport and have been found to function in autophagy and autophagic 
PCD (Oh et al. 2005; Kwon et al. 2013). It was found that ATG5 and RabGTPases are involved 
in PCD and differentiation of tracheary elements and that RabG3b localizes to autophagic 
structures. This also implicated RabG3b as being involved in plant autophagy and autophagic 
PCD.  
Plants also have some cell death features associated with apoptosis. For example, 
metacaspases seem to serve similar functions in plants as metazoan caspases (Tsiatsiani et al. 
2011). Caspase-like activity and cytochrome c leakage from plant mitochondria have also been 
reported, indicating that apoptosis-like processes may occur in plant cells (Balk and Leaver 
2001; Watanabe and Lam 2005). Metacaspases are also required for autophagic PCD. Studies in 
Norway spruce showed that a metacaspase, mcII-Pa, is upstream of autophagy and required to 
determine the mode of cell death (Minina et al. 2013). Cells within embryos typically undergo a 
vacuolar cell death associated with autophagy. Deficiency of either the mcII-Pa metacaspase or 
autophagy shifts the cell to a necrotic form of cell death illustrating that metacaspases can 
determine the mode of death used in plants (Minina et al. 2013).  
A retromer complex is also implicated in autophagic or vacuole-mediated cell death 
(Munch et al. 2015). Retromers are involved in transporting organelles after they depart the 
Golgi and trafficking proteins to the lysosome or vacuole (Robinson et al. 2012). Retromers are 
also important for plant development and mediate prevacuolar compartment formation as well as 
endosomal trafficking (Reyes et al. 2011; Nodzynski et al. 2013). During the hypersensitive 
response to perceived pathogens in plants lacking retromers, autophagy and other vacuolar lytic 
processes needed for the programmed cell death hypersensitive response are impaired, 
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implicating retromers in proper vacuolar- and autophagy-mediated cell death (Munch et al. 
2015).  
Programmed cell death in plants has been difficult to classify using definitions formed in 
animal systems, and a discussion on the classification and of the types of programmed cell death 
in plants can be found in (van Doorn et al. 2011). The classification shown in figure 5 is one way 
to describe plant PCD types, but is not universally accepted and other classifications are possible 
(Fig. 5). Early work in cell death studied each mode of cell death in isolation from other cell 
death mechanisms. However, accumulating evidence suggests that there is considerable overlap 
and signaling crosstalk between the different cell death pathways and how they are regulated 
(Nikoletopoulou et al. 2013; Stevens et al. 2013).  
1.6.3 Autophagy as an immune response 
Organisms such as metazoans, which have specialized immune cells, largely rely on that 
system to mount inflammatory immune responses to protect cells and ultimately the organism 
from pathological abnormalities. Plants, however, lack the specialized immune cells that are 
found in animals. Instead, each cell can activate immune responses to protect itself from 
invaders. 
Fungi, bacteria, and viruses are all known to cause cell death in plants. Plant cells possess 
a multilayered system for dealing with microbial pathogens. The first layer involves detection of 
pathogens by sensing pathogen-associated molecular patterns (PAMPs) or microbe-associated 
molecular patterns (MAMPs) through receptors in the plant cell membrane. Upon detection, a 
signaling cascade initiates PAMP-triggered immunity responses including ethylene production, 
mitogen-activated protein kinase activation, callose deposition, cell wall thickening, production 
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of antimicrobial proteins, and immune marker gene expression (Hofius et al. 2009; Hofius et al. 
2011; Lenz et al. 2011). To evade PAMP and MAMP-triggered immunity, pathogens can inject 
effectors into plants that manipulate host machinery for pathogen benefit (Hofius et al. 2011). As 
a counter to effectors, plants have evolved another layer of defense to recognize effector 
modifications of host target proteins via host surveillance proteins (termed resistance (R) 
proteins). R-mediated defenses often include localized PCD known as the hypersensitive 
response (HR) to limit spread of the pathogen (Hofius et al. 2011). HR is a defense mechanism 
upon tissue compromise whereby the invading microorganism is inhibited by a combination of a 
layer of dead cells, local production of antimicrobial compounds and induction of systemic 
acquired resistance in the host. If successful, the host is non-susceptible to the invading pathogen 
(van Doorn and Woltering 2005).  
Autophagy activation in response to infection in plants has been proposed to have 
contradictory roles both in pathogen resistance (pro-death) and in restricting spread of plant HR 
PCD (pro-survival) (Liu et al. 2005; Kwon et al. 2013). In mammalian cells, autophagy functions 
as an antiviral and anti-microbial pathway (Kirkegaard et al. 2004). The physiological function 
of autophagy during pathogen infection in plants is still under investigation, and it is unclear if 
and when autophagy might serve a pro-death vs. a pro-survival role. Virus-induced silencing of 
the autophagy genes BECLIN1, PI3K/VPS34, ATG3, and ATG7 in tobacco resulted in 
unrestricted HR PCD beyond the site of tobacco mosaic virus (TMV) infection (Liu et al. 2005). 
Whereas in control plants, PCD was restricted to the infection site. This illustrates the 
importance of autophagy in restricting HR PCD to pathogen infection sites, implicating 
autophagy in the regulation of HR PCD. Larger lesions were observed in BECLIN1-silenced 
plants and were visible sooner after infection than in control plants. There was also an increase in 
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accumulation of TMV at the site of infection in ATG-silenced plants, suggesting that ATG genes 
may play a role in virus replication or movement between cells (Liu et al. 2005).  
The Arabidopsis BECLIN1 homolog, ATG6, was also found to be required for limiting 
pathogen induced HR PCD following infection with the bacterial pathogen Pseudomonas 
syringae pv. Tomato DC3000 (Pst DC3000) (Patel and Dinesh-Kumar 2008). ATG6 anti-sense 
plants showed greater spread of HR-PCD as well as increased disease susceptibility. Contrasting 
results were found in Arabidopsis autophagy knockout lines (Hofius et al. 2009). Pathogen 
infection with Pst DC3000 of both atg7 and atg9 mutants resulted in cell death being constrained 
to the site of infection and no death beyond the primary HR lesion even after 15 days. In some 
cases HR PCD was suppressed in atg mutants, suggesting that autophagy contributes to the death 
process rather than increasing cell survival. This is supported by the analysis of RabG3b, the 
overexpression of which resulted in increased autophagic structures and expanded, accelerated 
cell death when challenged with the fungal toxin FB1 or with Pst DC3000. Findings suggest that 
RabG3b is a regulator of autophagy during the HR PCD response to pathogens in addition to 
developmental processes, and that autophagy acts as a pro-death HR mechanism following 
infection (Kwon et al. 2013). 
The contradictory reports of autophagy mutant phenotypes during pathogen infection 
may be explained by hormone signaling. The phytohormone SA hyper-accumulates in atg 
mutants such as atg5, which has a threefold higher SA level than wild type plants (Yoshimoto et 
al. 2009). Pst DC3000 infection in atg5 leaves resulted in the spread of chlorotic cell death, with 
loss of chlorophyll and photosynthetic capacity, whereas in control plants it was limited to the 
site of infection. This phenotype was stronger in older leaves than younger leaves hinting at a 
role of SA, since older leaves of atg5 mutant plants were higher in SA than younger leaves 
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(Yoshimoto et al. 2009). Interestingly, the spread of chlorotic cell death in atg5 double mutants 
with reduced SA (atg5xsid2, atg5xnpr1) was reduced compared with single atg5 mutants; SA 
signaling is therefore required for the chlorotic cell death observed in atg5 (Yoshimoto et al. 
2009). Autophagy thus seems to negatively regulate cell death via the SA pathway. The 
involvement of SA in the regulation of autophagy as well as experimental design may help to 
explain the differences in findings between Liu et al./Yoshimoto et al. (pro-survival) and Hofius 
et al. (pro-death) (Liu et al. 2005; Hofius et al. 2009; Yoshimoto et al. 2009; Hofius et al. 2011). 
SA levels and leaf age may be critical in determining phenotypes, as both senescence and the 
hypersensitive HR response involve SA signaling. Hofius et al. (2009) used 3-4 week old plants 
whereas others used older plants, and young 3-4 week old plants showed only small increases in 
SA compared to older plants (Yoshimoto et al. 2009).  
Importantly, autophagy can also serve different roles depending on the lifestyle of the 
pathogen. Necrotrophic pathogens kill their hosts by the secretion of toxins while biotrophic 
pathogens secrete effectors to manipulate host machinery (Lenz et al. 2011). During necrotropic 
pathogen infection, autophagy is activated in both infected tissue and surrounding areas. 
Furthermore, atg mutants are hypersensitive to infection suggesting that autophagy serves a pro-
survival role during necrotrophic pathogen infection (Lai et al. 2011; Lenz et al. 2011). 
Autophagy also seems to be involved in preventing accumulation of high ROS levels following 
necrotroph infection via clearance of damaged organelles (Lenz et al. 2011). Autophagy’s role in 
response to biotrophic pathogens has been found to serve both pro-death (Wang et al. 2011) and 
pro-survival (Yoshimoto et al. 2009) roles as discussed above. In summary, autophagy serves an 
anti-death, pro-life function by controlling widespread cell death and can also function in a pro-
death mechanism during HR PCD (Kwon et al. 2013). It is unclear if the dual roles of autophagy 
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function independently or simultaneously to elicit an HR response and contain PCD to infected 
cells.  
1.7 Selective autophagy 
 
Starvation-induced autophagy has typically been described as a non-selective, bulk 
degradation process, but mounting evidence suggests that autophagy can also selectively target a 
variety of substrates (Svenning et al. 2011; Suzuki 2012; Michaeli and Galili 2014). 
Mitochondria, peroxisomes, ribosomes, signaling molecules, and protein aggregates have been 
found to be selectively sequestered into autophagosomes in yeast and mammals (Pankiv et al. 
2007; Kraft et al. 2008; Kristensen et al. 2008; Kraft et al. 2009; Hirota et al. 2011; Paul et al. 
2012; Reggiori et al. 2012). The underlying mechanism of selective autophagy is, in some cases, 
not known. However, growing evidence points to an important role for ATG8 homologs and 
ubiquitin in selective autophagy in all eukaryotes (Noda et al. 2010; Svenning et al. 2011; 
Reggiori et al. 2012). In plants, the selective degradation of protein aggregates, small molecules, 
stromal contents, ribosomes, mitochondria, RNAi machinery, 26S proteasome, lipid droplets, 
and the endoplasmic reticulum have been described, some of which are illustrated (Fig. 6) (Floyd 
et al. 2012; Bassham and Crespo 2014; Michaeli and Galili 2014). 
 
ATG8 is an autophagosomal membrane protein that is required for autophagosome 
formation and has been used in many organisms as a marker for autophagosomes (Kirisako et al. 
1999; Yoshimoto et al. 2004; Contento et al. 2005; Thompson et al. 2005). It is also a key factor 
for recruiting cargo to the growing autophagosome during selective autophagy (Noda et al. 2010; 
Han et al. 2011). Yeast has only a single ATG8 protein while humans have seven ATG8 proteins 
divided into two subfamilies [LC3 and GABARAP/GATE-16, as reviewed by (Behrends and 
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Fulda 2012)] and Arabidopsis has nine (Doelling et al. 2002). ATG8 proteins are processed prior 
to insertion into the autophagosome membrane (Kirisako et al. 2000). Once incorporated into the 
autophagosome membrane, ATG8 may interact with adaptors to incorporate cargo into the 
autophagosome selectively (Noda et al. 2010).  
 
1.7.1 Selective Autophagy of Proteins and Protein Aggregates by Autophagic Adaptors 
Selective autophagy is mediated by the binding of adaptor proteins that provide a linkage 
between a cargo targeted for degradation and the autophagosome biosynthesis machinery 
(Johansen and Lamark 2011). Proteins tagged with ubiquitin (Ub) are normally degraded by the 
26S proteasome system. However, under increased nutrient or oxidative stress Ub-labeled 
proteins can crosslink and form aggregates (Lasch et al. 2001; Riley et al. 2010). Autophagic 
adaptor proteins for the degradation of Ub-tagged protein aggregates have been identified in a 
number of eukaryotes (Bjorkoy et al. 2005; Pankiv et al. 2007; Svenning et al. 2011; Nezis and 
Stenmark 2012). 
 
The Ub-binding protein p62, also called sequestosome 1 (SQSTM1), is a mammalian 
adaptor protein with a role in targeting Ub-modified proteins and protein aggregates to the 
autophagy system (Fig. 7A) (Pankiv et al. 2007; Waters et al. 2009; Ponpuak et al. 2010; 
Matsumoto et al. 2011). p62 is involved in multiple cell processes including autophagy, 
oxidative stress signaling, selective autophagy, and cell death [reviewed by (Moscat and Diaz-
Meco 2009) and (Nezis and Stenmark 2012)]. This protein contains an LC3-interacting region 
(LIR) that binds ATG8-family proteins, a C-terminal UBA domain that binds ubiquitin, a ZZ 
type zinc finger, nuclear localization and nuclear export signals, and an N-terminal PB1 domain 
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essential for homo-polymerization and subsequent degradation by autophagy (Fig. 7B) (Ichimura 
et al. 2008; Johansen and Lamark 2011; Svenning et al. 2011). 
 
Mammalian neighbor of BRCA1 gene 1 (mNBR1) is another autophagic adaptor that 
cooperates with p62 in the degradation of Ub-tagged protein aggregates by autophagy (Fig. 7A) 
(Kirkin et al. 2009; Waters et al. 2009). The mNBR1 protein contains an N-terminal PB1 domain 
(but, unlike p62, is unable to polymerize via PB1), a ZZ-type zinc finger, a C-terminal UBA 
domain, two coiled-coil domains for homo-polymerization, and two LIR domains (Fig. 7B) 
(Kirkin et al. 2009; Johansen and Lamark 2011). mNBR1 interacts with p62 through its PB1 
domain and co-localizes with ATG8 homolog family members and lysosomes, further indicating 
an autophagy connection (Lamark et al. 2003; Kirkin et al. 2009). Additionally, the UBA domain 
of mNBR1 is necessary to bring mNBR1 to autophagosomes (Waters et al. 2009). 
 
Homologs of mNBR1 have been described in plants (Svenning et al. 2011; Zientara-
Rytter et al. 2011) (Fig. 7A and 7B). Animals have been found to contain either or both p62 and 
NBR1 but non-animals typically contain only NBR1 homologues (Svenning et al. 2011). The 
Arabidopsis homolog, AtNBR1 (At4g24690), is a hybrid of mNBR1 and p62 in that it contains 
the NBR1 specific domain (FW) and is similar in size to mNBR1, but like p62 it polymerizes via 
a PB1 domain rather than the coiled-coil domains found in mNBR1 (Fig. 7B) (Svenning et al. 
2011). Furthermore, the electrostatic surface potential of AtNBR1 is a mixture of both mNBR1 
and p62 (Fig. 7A). AtNBR1 also contains duplicated UBA domains, each with a conserved 
hydrophobic binding patch necessary for Ub binding, but deletion of UBA2 eliminates Ub 
interaction while deletion of UBA1 shows no effect (Svenning et al. 2011). Additionally, 
AtNBR1 binds to multiple ATG8 isoforms through an LIR motif [or ATG8 interaction motif in 
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plants (AIM)] similar to p62 and mammalian NBR1 (Svenning et al. 2011). This interaction is 
not dependent on homo-polymerization of AtNBR1 but it does make it more efficient (Svenning 
et al. 2011).  
 
Studies expressing AtNBR1 in HeLa cells show that it functions very similarly to p62 
and NBR1 in mammals, and can directly interact with mammalian ATG8 homologs in vivo 
(Svenning et al. 2011). AtNBR1 also associates with cytosolic bodies and localizes to the 
vacuole through the autophagy pathway when expressed in yeast (Svenning et al. 2011). The 
polymerization of AtNBR1 via its PB1 domain enhances its degradation by autophagy (Svenning 
et al. 2011). Mutations in the LIR and UBA domains of AtNBR1 result in decreased vacuole 
import and cytosolic accumulation, indicating their importance for import of AtNBR1 into the 
vacuole (Svenning et al. 2011). These studies showed that AtNBR1 is a structural hybrid of both 
p62 and NBR1 adaptors found in mammals. Recent studies in Arabidopsis concluded that 
AtNBR1 targets ubiquitinated protein aggregates and is required for their clearance by 
autophagy. NBR1 was found to interact with Arabidopsis ATG8, and is important during plant 
responses to heat, oxidative, drought, and salt stress, which are correlated with protein 
aggregation (Zhou et al. 2013). Another study found that a chaperone-associated E3 ubiquitin 
ligase called carboxyl terminus of the HSC70-interacting protein (CHIP) plays a role in 
ubiquitinating proteins and enhancing their turnover during stress conditions and functions 
additively with NBR1 (Zhou et al. 2014). Interestingly, Atnbr1 and chip mutants accumulate 
different proteins during heat stress. Atnbr1 mutants accumulated Rubisco activase and catalases, 
which are highly aggregate prone, and chip mutants accumulated light harvesting complex 
proteins (Zhou et al. 2014). This may indicate that two pathways exist for the degradation of 
different protein aggregates. 
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Another potential autophagy adaptor, Joka2, was found in tobacco (Nicotiana tabacum) 
by yeast two hybrid experiments. Joka2 interacts with UP9C, an uncharacterized protein of the 
UP9/LSU family that is upregulated in response to sulfur starvation (Lewandowska et al. 2010; 
Zientara-Rytter et al. 2011). Joka2 contains domains that are conserved in mammalian p62 and 
mNBR1 including a PB1, ZZ-type zinc finger, NBR1-like domain, a nuclear export signal, and 
two adjacent UBA domains (Fig. 7B) (Zientara-Rytter et al. 2011; Zientara-Rytter and Sirko 
2014). Joka2 forms homo-dimers through its PB1 domain and UBA domain (Zientara-Rytter et 
al. 2011; Zientara-Rytter and Sirko 2014), and interacts with ATG8 in a fashion similar to p62 
and mNBR1, indicating it may contain an LIR-like domain. However, position and amino acid 
sequence of the Joka2 LIR is unknown (Zientara-Rytter et al. 2011). Joka2 can also associate 
with cytoskeleton (microtubules and actin), either as an individual protein or in complex with 
ATG8 in vivo (Zientara-Rytter and Sirko 2014). In tobacco, Joka2 was found to shuttle from the 
nucleus to acidic structures, characteristic of autophagosomes, in a manner similar to mammalian 
p62 (Zientara-Rytter et al. 2011; Zientara-Rytter and Sirko 2014). Joka2 and AtNBR1 are likely 
orthologs of each other and functional hybrids of mammalian p62 and mNBR1. 
 
In plants, proteins cross-link together and form aggregates under severe nutrient and 
oxidative stress, making proteasomal degradation difficult (Toyooka et al. 2006). Autophagy 
degrades these protein aggregates (Toyooka et al. 2006; Xiong et al. 2007), and the selective 
autophagy of protein aggregates in nutrient starved plants was the first reported selective 
autophagy in plants (Toyooka et al. 2006). Interestingly, Joka2 expression increases during 
nitrogen and sulfur starvation and is speculated to enhance stress tolerance (Zientara-Rytter et al. 
2011). Thus, NBR1 homologs in plants may function in the detection of accumulating protein 
aggregates and their subsequent degradation by selective autophagy during stress. 
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Recently, a novel endoplasmic reticulum (ER)-associated compartment was discovered in 
plant cells that differed from autophagosomes but was formed during carbon starvation (Honig et 
al. 2012). Two uncharacterized plant specific ATG8-interacting proteins, ATI1 and ATI2, were 
present in this new compartment (Honig et al. 2012). The function of ATI1 and ATI2 is still 
under investigation, but they do not appear to belong to the core autophagy machinery (Honig et 
al. 2012). However, since ATI1 and ATI2 are upregulated in response to abiotic stress and 
associate with the endoplasmic reticulum they may be involved in the selective disposal of 
proteins from the endoplasmic reticulum (Honig et al. 2012). ATI1 can interact with two ATG8 
homologues in Arabidopsis (Avin-Wittenberg et al. 2012) suggesting that autophagic 
degradation of these proteins and associated endoplasmic reticulum may be selective. ATI1 and 
ATI2 may function as adaptors in the selective degradation of ER proteins by interacting with 
ATG8 outside of the autophagy machinery. This may also be a mechanism of protein transport 
from the endoplasmic reticulum to the vacuole independent of the golgi that utilizes autophagy 
machinery in a non-degrading pathway of protein trafficking to the vacuole (Michaeli et al. 
2014). However, no proteins that undergo an ATI1/ATI2 dependent trafficking mechanism to the 
vacuole have been identified yet. 
 
1.7.2 Trafficking and sequestration of anthocyanin by autophagy 
 
Autophagy has mostly been implicated in the trafficking of cargo targeted for 
degradation. Recent work in plants has also found autophagy to be involved in the trafficking of 
anthocyanin to the vacuole for storage (Pourcel et al. 2010). Anthocyanins are a major class of 
plant pigments with various physiological functions including acting as a signal for pollinators 
and in stress tolerance enhancement (Gould 2004; Grotewold 2006; Pourcel et al. 2010). After 
synthesis of anthocyanins in the cytoplasm, they accumulate in the vacuole as a way to prevent 
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oxidation (Marrs et al. 1995), to function as pigments in an acidic environment (Verweij et al. 
2008), and for general storage (Pourcel et al. 2010). Once inside the vacuole the pigments have 
been found in a variety of structures, one of which, anthocyanic vacuolar inclusions (AVIs), is 
thought to function specifically in anthocyanin accumulation (Conn et al. 2003; Pourcel et al. 
2010). Seedlings of the autophagy mutants atg5, atg9, and atg10 accumulate fewer AVIs than 
wild-type plants and show significant alterations in anthocyanin profiles (Pourcel et al. 2010). As 
both mutant and wild-type seedlings become older there is an overall reduction in AVIs (Pourcel 
et al. 2010). However, the addition of vanadate, which is a strong inducer of AVI formation 
(Poustka et al. 2007), does not increase the number of AVIs in the autophagy mutants to the 
same extent as in wild-type, indicating that autophagy plays some role in transporting 
anthocyanin to the vacuole (Pourcel et al. 2010). The transport of anthocyanin to the vacuole and 
subsequent intravacuolar vesicle storage appears to occur through a novel type of selective 
autophagy in which the cargo is not degraded. Further characterization of the regulatory and 
targeting mechanisms is needed to elucidate the basis for this selectivity. 
 
1.7.3 Selective autophagy of porphyrins 
 
Tryptophan-rich sensory protein/peripheral-type benzodiazepine receptor domain-
anchored proteins (TSPOs) are membrane-anchored proteins likely involved in transmembrane 
signaling (Guillaumot et al. 2009). One characterized member of this large group of proteins is 
the mammalian 18-kDa translocator protein which is located in the outer mitochondrial 
membrane, binds cholesterol and porphyrins, and is central to the import of cholesterol into the 
mitochondrion (Lacapere et al. 2001; Papadopoulos et al. 2006). A TSPO protein has also been 
identified in Arabidopsis (AtTSPO; At2g47770) and is found mostly in desiccated plant 
structures (Corsi et al. 2004; Guillaumot et al. 2009). AtTSPO is upregulated in vegetative tissues 
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by exposure to abiotic stress or abscisic acid (ABA) treatment, and the protein is targeted to the 
secretory pathway. It too is a membrane protein and is localized to the ER and Golgi membrane. 
(Guillaumot et al. 2009). Currently it is thought to be a regulator of multiple abiotic stress 
responses (Kant et al. 2008; Vanhee et al. 2011). 
 
AtTSPO is involved in binding highly reactive porphyrins and triggering their 
degradation (Guillaumot et al. 2009). In plants, porphyrins (tetrapyrroles), namely chlorophyll 
and hemes, are synthesized within plastids but are also required elsewhere in the cell. During 
perception and signaling of the stress hormone ABA (Wilkinson and Davies 2002), the heme 
content of plant cells transiently increases, potentially due to a shift in metabolic flux away from 
the chlorophyll tetrapyrrole biosynthetic pathway (Vanhee et al. 2011). A rise in heme seems to 
have a protective effect by defending cellular structures from ROS damage during ABA-
mediated stress responses (Vanhee et al. 2011). ABA-induced upregulation of AtTSPO in 
seedling tissues is short-lived and is undetectable after 72 hours, and amounts of unbound heme 
present in the cell follow a parallel pattern to AtTSPO expression (Vanhee et al. 2011). 
Moreover, since the experimental overexpression of AtTSPO causes cells to be more sensitive to 
salt stress and ABA, AtTSPO may only be needed by the cells temporarily, requiring 
downregulation shortly after induction to avoid cellular imbalances (Guillaumot et al. 2009).  
 
One mechanism of downregulation and degradation appears to require porphyrin binding 
and autophagy (Guillaumot et al. 2009). In plants, AtTSPO binds the porphyrin heme (Vanhee et 
al. 2011). AtTSPO may also bind other porphyrins since the addition of 5-aminolevulinic acid 
(ALA), which boosts porphyrin biosynthesis, accelerates AtTSPO downregulation, whereas the 
inhibition of tetrapyrrole biosynthesis results in increased AtTSPO (Vanhee et al. 2011). 
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Comparison of levels of AtTSPO after induction by ABA in wild-type plants and the autophagy 
defective atg5 mutants demonstrates that AtTSPO is degraded by autophagy, and heme binding 
is required for this degradation (Vanhee et al. 2011). AtTSPO co-localizes with ATG8e (Vanhee 
et al. 2011), and it contains a potential ATG8 interaction motif (AIM) (Vanhee et al. 2011). 
Mutating the AIM eliminates interactions between ATG8e and AtTSPO and its degradation by 
autophagy appears compromised (Vanhee et al. 2011). Free porphyrins, including heme, are 
potentially cytotoxic substances as they can produce powerful radicals upon light exposure 
(Vanhee et al. 2011). Overexpression of AtTSPO reduces the high porphyrin levels caused by 
ALA feeding, suggesting that AtTSPO may function in the protection of cells from high levels of 
toxic porphyrins. Its degradation by selective autophagy is then essential for the cell to return to 
homeostasis.  
 
During stress, AtTSPO has also been found to interact with the aquaporin PIP2;7. The 
associated proteins are then degraded by autophagy in a similar selective autophagy manner as in 
porphyrin binding described above (Hachez et al. 2014). This results in reduced water transport 
activity during abiotic stress conditions. Such a finding illustrates the ability of AtTSPO to bind 
different substrates and possibly serve as a multi-molecule selective autophagy adaptor protein in 
plants.  
 
1.7.4 The selective autophagy of rubisco-containing bodies 
 
The autophagy of whole chloroplasts in plants has previously been reported (Niwa et al. 
2004), but it is unclear how widespread this process is. A potentially selective form of autophagy 
in plant cells has recently been found to target stromal portions of the chloroplast for degradation 
(Ishida et al. 2008). Rubisco accounts for 12-30% of a C3 plant’s total protein and is the most 
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abundant stromal protein (Evans 1989). Therefore, like ribosomes, it represents a large pool of 
stored carbon and nitrogen that can be released by degradation during starvation or senescence. 
In senescing leaves of wheat (Triticum aestivum) and Arabidopsis, small (~1µm) spherical 
bodies [termed rubisco-containing bodies (RCBs)] found in the cytoplasm were shown by 
immunoelectron microscopy and GFP labeling to contain stromal proteins and rubisco small 
subunit, but not thylakoid membranes (Chiba et al. 2003; Ishida et al. 2008). The accumulation 
of RCBs was seen in the vacuoles of wild-type cells but not in atg5 autophagy mutant plants 
(Ishida et al. 2008), suggesting a role for autophagy in delivery of the RCBs to the vacuole. 
Additionally, the RCBs labeled with stroma-targeted DsRed co-localized extensively with the 
autophagosome membrane marker GFP-ATG8 (Ishida et al. 2008). The process is thought to 
initiate through the formation of a bud from a chloroplast, which is then targeted by the 
autophagy machinery (Ishida et al. 2008). These findings suggest that autophagy is not only 
involved in the degradation of proteins or entire organelles, but that it can also selectively target 
portions of organelles for degradation. 
 
RCBs are seen in mature and early senescent leaves but not in young leaves, implicating 
RCBs in senescence (Ishida et al. 2008; Wada et al. 2009). Furthermore, autophagy is involved 
in reducing both the size and number of chloroplasts during senescence through an RCB 
mechanism rather than whole chloroplast degradation alone (Wada et al. 2009). Nutrient 
availability also has a differential effect on the autophagic degradation of RCBs compared to 
non-selective autophagy (Izumi et al. 2010). Non-selective autophagy is upregulated under 
nutrient starvation and various abiotic stresses (Bassham 2009). However, RCB autophagy 
increases during carbon starvation but not during nitrogen starvation or osmotic stress (Izumi et 
al. 2010). Furthermore, photosynthetically accumulated carbohydrates reduce RCB production, 
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illustrating that RCB production is sensitive to carbon balance within the cell (Izumi et al. 2010). 
While it is unknown how the cell switches between total chloroplast degradation and RCB-based 
chloroplast degradation and what novel ATG proteins are involved in selectivity, RCB 
autophagy appears specifically controlled in cells. It is therefore likely to be a selective 
autophagy mechanism and the discovery of novel ATG genes or other components will be 
important in furthering our understanding of this process. 
 
ATI1, which was introduced above, also serves a role in the autophagy of plastid 
proteins. ATI1 interacts with both ATG8 and on bodies associated with the plastid, distinct from 
endoplasmic-reticulum-related bodies. Plastid bodies containing stromal markers form buds from 
plastids and associated with ATI1 and autophagy machinery (Michaeli et al. 2014). The ATI1 
protein may serve as a marker for the autophagy to selectively target plastid components. 
However, it is unknown what induces budding from the plastid. Furthermore, a cross talk 
between the endosomal and autophagy pathway has also been reported for the degradation of 
plastid components. Similar to the crosstalk between AtTSPO mediated selective autophagy of 
PIP2;7 discussed above, protein members of the endosomal sorting complexes required for 
transport (ESCRT) named CHARGED MULTIVESICULAR BODY PROTEIN1 (CHMP1A) 
and CHMP1B are required for efficient autophagosome formation and delivery of plastid bodies 
to the vacuole (Spitzer et al. 2015). Proteins involved in endocytic pathways may serve similar 
functions in autophagy to synthesize and transport vesicles in an efficient manner. 
 
1.7.5 The selective autophagy of ribosomes 
 
Ribosomes sequester a large amount of the cell’s resources. In yeast, ribosomal RNA 
(rRNA) constitutes 80% of cellular RNA and up to 30-40% of the cytoplasmic volume (Warner 
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1999). Surveillance mechanisms to destroy nonfunctional ribosomes are needed due to the 
profusion and long half-life of ribosomes, and the deleterious effects that malfunctioning 
ribosomes can have on cellular homeostasis (Lafontaine 2010). In addition, changes in resource 
availability and environment require the cell to have the ability to regain the resources invested 
in normal ribosomes and to prevent further incorporation of limited resources. This can be 
achieved through non-specific and specific autophagy of ribosomes (ribophagy) and blocking of 
de novo ribosome synthesis (Lafontaine 2010). 
 
Ribophagy is a ribosome-specific selective type of autophagy that was discovered in 
yeast (Saccharomyces cerevisiae) cells undergoing nutrient starvation (Kraft et al. 2008). 
Ribosomes have been frequently observed in large numbers in the interior of autophagosomes 
(Ylä‐Anttila et al. 2009; Eskelinen et al. 2011). Recent research using yeast cells undergoing 
starvation showed that the rate of decay of ribosomes through autophagy is greater than that of 
general cytosolic components (Kraft et al. 2008), indicating a ribosome-selective mechanism. 
Ribophagy shares some protein factors with non-selective autophagy (Kraft et al. 2008). Yeast 
atg7 autophagy mutants show reduced vacuolar degradation of ribosomes for both the large and 
small subunits; however further study showed that the method of targeting for ribophagy differs 
between them. 
Ubiquitin plays a vital role in yeast ribophagy. The yeast ubiquitin protease Ubp3 and its 
co-factor Bre5 are required for ribophagy of the large ribosomal subunit but not the small 
subunit. The catalytic activities for Ubp3 and Bre5 are required for ribophagy and mutants in 
these proteins are more sensitive to nutrient stress and rapamycin treatment, indicating the 
functional importance of ribophagy (Kraft et al. 2008). The chaperone-like Cdc48 and its 
cofactor Ufd3 interact with Ubp3/Bre5 and are also required for ribophagy (Ossareh-Nazari et al. 
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2010). Mutation of the ubiquitin ligase Rsp5, an enzyme responsible for targeting certain 
membrane proteins to the endosome and trans-Golgi network proteins to the vacuole, also 
appears to have a synergistic effect with mutation of Ubp3, indicating it is also involved in 
ribophagy (Kraft and Peter 2008). The results from yeast support a model for ribophagy, which 
is dependent on both ubiquitination and deubiquitination (Fig. 8). 
 
Ribophagy appears to be dependent on the T2 family of ribonucleases (RNases). RNase 
T2 enzymes are acidic RNases found almost ubiquitously in eukaryotes. This family of RNases 
is hypothesized to have an essential role leading to its conservation and has been shown to be 
involved in transfer RNA (tRNA) and rRNA degradation (Thompson and Parker 2009; Haud et 
al. 2011; Hillwig et al. 2011) Mutation of both the zebrafish and human RNase T2 result in 
accumulation of rRNA in the lysosome (Haud et al. 2011), and in each organism RNase T2 is 
normally localized to the lysosome (Campomenosi et al. 2006; Haud et al. 2011). Further support 
for a role for RNase T2 enzymes in ribophagy comes from Tetrahymena RNase T2 mutants 
which exhibit starvation-induced rRNA accumulation (Andersen and Collins 2012), possibly 
from a blockage of ribophagy. 
 
An Arabidopsis RNase T2 is required for normal turnover of rRNA and is a likely 
candidate for being part of a ribophagy-like process in plants. Ribosomal RNA has a longer half-
life in mutants for the Arabidopsis RNase T2 RNS2, which is localized to the ER and vacuole 
(Hillwig et al. 2011). The use of RNA-specific dyes indicated that the rns2 mutant accumulates 
RNA intracellularly, mainly in the vacuole (Hillwig et al. 2011). These results indicate that 
RNS2 is required for normal rRNA degradation. 
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Accumulation of rRNA in RNase T2 mutants in the absence of starvation or 
environmental stress implies this family may be involved in a ribophagy-like housekeeping 
mechanism. Arabidopsis rns2 mutants also have increased levels of basal autophagy (Hillwig et 
al. 2011), possibly to compensate for loss of ribophagy and to increase the turnover of 
ribosomes. Interestingly, Arabidopsis RNS2 is upregulated by both senescence and phosphate 
starvation conditions (Taylor et al. 1993; Bariola et al. 1999), which both involve higher rates of 
ribosomal degradation. Additionally, RNase activities with similarity to RNase T2 enzymes 
decrease in maize roots subjected to hypoxic conditions, concomitantly with reduced ribosome 
turnover (Fennoy et al. 1997).  
 
Recent evidence links the RNase T2 family and a form of “tRNA ribophagy” in yeast. 
Rny1, the yeast RNase T2, participates in the degradation of tRNA in response to stress (Luhtala 
and Parker 2012). The degraded tRNA particles appear to co-localize with higher density 
vacuoles whereas in a mutant strain full-length tRNA localizes in less dense fractions (Luhtala 
and Parker 2012). This evidence of targeting tRNA to the vacuole is similar to the evidence for 
rRNA targeting and supports a version of “tRNA ribophagy” as well as the role of RNase T2 in 
ribophagy. Arabidopsis under stress such as phosphate starvation (Hsieh et al. 2010) and 
oxidative stress (Thompson et al. 2008) show increased levels of tRNA fragments, potentially 
supporting the presence of this tRNA ribophagy in plants. Rny1 was also found to process bulk 
RNA in the yeast vacuole during nitrogen starvation stress. Deletion of Rny1 resulted in 
accumulation of RNA in the vacuole, and freed nucleobases were secreted from the cell during 
autophagy that was upregulated during the minus nitrogen stress. This activity was found not to 
rely on Ubp3- and Bre5-mediated ribophagy, indicating that autophagy is able to traffic RNA to 
the vacuole without the reported selective machinery where it can be degraded by a T2 
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ribonuclease (Huang et al. 2015). Interestingly, it was previously thought that autophagic 
degradation of RNA during stress helped free-up nucleobases for new polymer synthesis. This 
however, is not the case. Yeast cells were instead found to secrete nucleobase into the media, 
potentially as a mechanism to maintain osmotic balance, and instead synthesizes new 
nucleobases (Huang et al. 2015). 
 
1.7.6 Other types of selective autophagy in plants 
Several other forms of selective autophagy have been either proposed or described in 
plants. The 26S proteasome is another important catabolic pathway that degrades cytoplasmic 
proteins in an ATP-dependent fashion by unfolding proteins and threading them into a catalytic 
core that frees individual amino acids. In Arabidopsis, the 26S proteasome can also be subject to 
selective autophagy in a process called proteophagy (Marshall et al. 2015). Autophagic 
trafficking of the 26S proteasome can be induced by nitrogen starvation, and genetic or chemical 
inhibition of the proteasome. Inhibition of the proteasome results in the proteasome being 
ubiquitinated and targeted by the autophagy machinery. A newly characterized adaptor protein, 
RPN10, was found to bind both ATG8 and ubiquitin, tethering the proteasome to the autophagy 
machinery (Marshall et al. 2015), illustrating that autophagic degradation of the 26S proteasome 
is selective and modulates the abundance of the catalytic complex.  
 
Peroxisomes can also be degraded by autophagy in plants. Termed pexophagy, the 
selective autophagy has been known to occur in animals and yeast and uses the pexophagy 
specific Atg30 receptor protein (Oku and Sakai 2010), but was only recently demonstrated in 
Arabidopsis (Farmer et al. 2013; Kim et al. 2013; Avin-Wittenberg and Fernie 2014; Shibata et 
al. 2014). Peroxisomes undergo degradation during seedling growth periods to eliminate 
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peroxisomes containing large amounts of glyoxylate cycle enzymes required in lower amounts 
during development, or in older plants when catalase becomes damaged from photorespiration 
and intra-peroxisome H2O2 concentrations rise. Degradation of enzymes within the peroxisome 
can also occur through an intra-peroxisome protease, Lon2, but higher levels of peroxisome 
degradation require autophagy. Adapters or signaling proteins for pexophagy are not yet known 
in plants. Although autophagy is shown to be a pathway for peroxisome degradation, it is 
unknown if the process is selective. 
 
A common theme arising in discussions about selective autophagy is the requirement of 
ATG8, ubiquitin, and an adaptor protein to link-together ATG8 and ubiquitin. However, in some 
cases, ubiquitin may not be required. This has been the case of certain selective autophagies 
reported in yeast or animals cells (Veljanovski and Batoko 2014). This includes selective 
autophagy of mitochondria (mitophagy) and the endoplasmic reticulum (reticulophagy). The 
receptors responsible for degradation of these components are less clear. ATI1 is a strong 
candidate for reticulophagy but requires further characterization. It would also be interesting to 
investigate possible connections between reticulophagy and endoplasmic reticulum stress. Plant 
cells may also perform mitophagy. An ATG11 protein was recently shown to be required for 
mitophagy in Arabidopsis, and has many of the functional domains of other known mitophagy 
proteins in other species (Li et al. 2014; Veljanovski and Batoko 2014). Autophagy has also been 
found to degrade RNAi machineries in both metazoans and plants (Derrien and Genschik 2014). 
In human cell lines, the miRNA-processing enzyme, DICER and the miRNA effector AGO2 can 
be targeted by selective autophagy through a selective autophagy receptor, NDP52, which is a 
calcium binding and coiled-coil domain protein (Gibbings et al. 2012). Similarly, in Arabidopsis, 
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a key component of the RNA-induced silencing complex (RISC), Argonaute1 (AGO1), can be 
degraded by autophagy (Derrien et al. 2012). 
 
1.8 Future perspectives 
 
 
Although the core machinery for autophagy seems to be conserved throughout 
eukaryotes, many basic questions in plant autophagy remain unanswered. The source of 
membrane for autophagosome formation has been controversial even in animals and yeast, with 
the ER, PM, Golgi and mitochondria all playing a role. In plants, the membrane source has not 
yet been identified. However, the ER cortical network in plants does interact with growing 
autophagosomes, and may play a role in their formation and contribute membrane for elongation 
(Tooze and Yoshimori 2010; Le Bars et al. 2014). It is possible that membrane may come from 
different sources, or even generated de novo, depending on the organism, cell type or conditions. 
The mechanisms of regulation of autophagy under different conditions are still unclear. 
Autophagy is activated by many different cues, both developmental and environmental, but the 
signaling pathways for this activation are as yet not well understood.  
In addition, autophagy presumably needs to be down-regulated again after activation, to prevent 
cell death, and the mechanism by which this occurs is unclear. In yeast, the ATG1 kinase 
involved in autophagy induction can interact with ATG8 and be trafficked to the vacuole in 
autophagosomes (Kraft et al. 2012). This may contribute to reduction of autophagy by removing 
upstream, initiating kinases. In plants, autophagy has been demonstrated to be important in the 
defense against pathogens, but its function in pathogen responses remains a major outstanding 
question and reports on the effect of autophagy on pathogen infection, particularly bacterial, 
have been contradictory. In animal cells, bacterial pathogens are often engulfed inside 
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autophagosomes, and are either targeted for destruction, or the autophagy machinery is subverted 
by the pathogen, which can then replicate inside the autophagosome. In plants, bacterial 
pathogens remain extracellular and replicate in the cell wall, so it is difficult to draw parallels 
with the animal case. It is clear that autophagy does affect pathogenesis in plants, but how 
autophagy is involved and whether it is a direct or indirect effect is unknown.  
Generally, autophagy has been viewed as a non-specific process, but studies in yeast and 
mammals have aided in our understanding of selective autophagy. Several proteins studied in 
plants are closely related to other eukaryotic proteins involved in selective autophagy. The 
selective autophagy of protein aggregates was the first reported selective autophagy in plants. 
Multiple forms of selective autophagy are being explored in plants including the targeting of 
pathogens, ribosomes, mitochondria, peroxisomes, endoplasmic reticulum, lipid droplets, Small 
RNA associated proteins, and proteasomes. Their molecular mechanisms and physiological 
significance are under investigation. Further studies may reveal novel ATG genes and pathways 
used for the selective targeting of cellular components. Additionally, abnormalities in selective 
autophagy pathways in mammals have been linked to disease. The importance of selective 
autophagy for plant cell homeostasis is under investigation with a few reports already being 
published. Future research will further address these questions. 
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1.11 Figures and tables 
Figure 1 - Basic mechanism of macroautophagy. First, a cup shaped membrane called a 
phagophore forms in the cytoplasm near the cargo to be degraded. The membrane then elongates 
and eventually fuses to form a double-membrane vesicle around the cargo. The vesicle is 
trafficked to the vacuole where the outer membrane of the autophagosome fuses with the 
tonoplast and the now single membrane vesicle is degraded. 
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Figure 2 - Electron microscopy of autophagic bodies. Seedling roots of Arabidopsis thaliana 
were visualized by transmission electron microscopy in the presence or absence of the V-ATPase 
inhibitor concanamycinA (ConA). In control roots, few vesicles are apparent within the vacuole 
as they are immediately degraded. ConA causes the intravacuolar pH to rise above the pH 
optimum of many resident vacuolar lytic enzymes, resulting in accumulation of single membrane 
vesicles (autophagic bodies) containing cytoplasmic cargo in the vacuole. The inset illustrates a 
mitochondrion within a single membrane vesicle inside the cell vacuole. Images were taken by 
Brice Floyd with the assistance of the Iowa State University NanoImaging facility. 
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Figure 3 - Molecular mechanism of phagophore formation in macroautophagy. Autophagy is 
induced through upstream autophagy initiation signals, typically the ATG1 kinase complex. The 
signals lead to the de novo nucleation of a membrane, termed the phagophore. Two ubiquitin-like 
conjugation systems are involved in the modification of ATG8 and ATG12. ATG8 is cleaved by 
ATG4 and conjugated first to ATG7 followed by ATG3 and then conjugated to 
phosphatidylethanolamine (PE). The ATG12 conjugation system also modifies ATG8. ATG12 
binds ATG7, is then transferred to ATG10, and is finally conjugated to ATG5. The ATG12-
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ATG5 conjugate forms a tetrameric complex with ATG16 (not shown) that is involved in 
conjugating ATG8 to PE. A phosphatidylinositol 3-kinase (PI3K) complex generates PI3P, 
which is important in recruiting additional ATG proteins to the growing phagophore. ATG9 
functions as a membrane shuttle and may interact with the PI3K complex in targeting membrane 
to the growing vesicle. 
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Figure 4 - An abbreviated model for the plant TOR complex as a nutrient sensor regulating 
growth, mRNA translation, metabolism, and autophagy. TOR functions as a kinase which 
hyperphosphorylates the ATG1 kinase complex and inhibits its function, blocking autophagy 
induction. TOR also acts to promote growth and mRNA translation through its kinase activity. 
RAPTOR acts as a scaffold to present substrates to TOR for phosphorylation and LST8 stabilizes 
the TOR complex. 
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Figure 5 – Classes of programmed cell death described in plants. Apoptosis-like PCD involves 
shrinkage of the plasma membrane away from the cell wall while maintaining plasma membrane 
and vacuole membrane integrity. DNA cleavage into smaller fragments as well as condensation 
of the cytoskeleton into bundles and foci also occurs. Apoptotic cells in animal systems 
eventually break up into apoptotic bodies but this does not occur in plants. Necrosis occurs as a 
result of severe cell stress and trauma or through programmed mechanisms. It involves cell and 
organelle swelling followed by breakup of organelles, plasma membrane, and cell wall. 
Autophagic PCD can be characterized by vacuolization of the cell on a large scale. The 
cytoskeleton thickens into bundles, organelles aggregate, and larger vesicles and vacuoles begin 
to form in the cytoplasm. Vesicles accumulate in the vacuole containing cytoplasm and degraded 
organelles. The vacuole membrane eventually ruptures, releasing lytic enzymes into the 
cytoplasm and furthering cell death. This model was developed from the following literature 
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sources: (Reape and McCabe 2008; Smertenko and Franklin-Tong 2011; van Doorn 2011; van 
Doorn et al. 2011; Dickman and Fluhr 2013). 
 
 
Figure 6 – Some examples of selective autophagy proposed in plants. Several forms of selective 
autophagy have been reported in plants, all of which involve autophagosome biogenesis and 
trafficking to the vacuole. The selective autophagy of ubiquitinated protein aggregates (A), 
anthocyanin (B), porphyrins (C), ribosomes (D), and chloroplast stroma (E) is illustrated. Not 
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shown here is the selective degredation of the 26S proteasome, peroxisomes, mitochondria, lipid 
droplets, RNAi machinery, RNA, or endoplasmic reticulum. 
 
 
Figure 7 - Structures of autophagic adaptor proteins involved in the degradation of ubiquitinated 
protein aggregates. (A) Electrostatic surface potentials of mammalian p62, mammalian NBR1, 
and A. thaliana NBR1. Plant NBR1 appears as a mix of mammalian p62 and NBR1. This figure 
was previously published as Figure 2B in Svenning S, Lamark T, Krause K, Johansen T. Plant 
NBR1 is a selective autophagy substrate and a functional hybrid of the mammalian autophagic 
adapters NBR1 and p62/SQSTM1. Autophagy 2011; 7:993 1010; PMID: 21606687; 
http://dx.doi.org/10.4161/auto.7.9.16389. (B) Protein domain architectures of mammalian p62, 
mammalian NBR1, A. thaliana NBR1, and N. tabacum Joka2. See text for details. 
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Figure 8 - Starvation-induced ribophagy in yeast. A ligase, either Rsp5 or an as yet unindentified 
ligase, ubiquitinates the large ribosomal subunit, which may act as a signal for the formation of 
the autophagosome. After ubiquitination, the large ribosomal subunit must be deubiquitinated 
through the Ubp3/Bre5/Cdc48/Ufd3 complex, either to allow initiation of autophagosome 
biogenesis or after formation has begun to allow for completion of the autophagosome (question 
marks). The small ribosomal subunit is also degraded through ribophagy by an unknown 
pathway. Adapted from (Kraft et al. 2008; Kraft and Peter 2008). Figure prepared by Stephanie 
Morriss. 
  
73	  	  
Table 1 – Arabidopsis proteins believed to be involved in macroautophagy. The proteins are 
broken down into functional groups responsible for the regulation and initiation of autophagy, 
phagophore formation, membrane elongation, and fusion with the vacuole membrane. 
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1.12 Dissertation Organization 
 
This dissertation summarizes my research findings on the function of autophagy and the 
RNS2 ribonuclease in the trafficking and degradation of RNA in the model plant Arabidopsis 
thaliana. 
 
Chapter 1 provides a general introduction and in-depth review of our current 
understanding of autophagy in plants. It also introduces different types of selective autophagy 
and discusses their physiological significance. Stephanie Morriss drafted portions of the selective 
autophagy of ribosomes section and figure 8. I drafted all other sections and figures. 
 
Chapter 2 describes that both autophagy and RNS2 are involved in the degradation of 
rRNA in the vacuole of Arabidopsis under normal conditions to maintain homeostasis. My 
results suggest that autophagy is upregulated in the RNS2 null mutant, rns2-2, and that the 
autophagosomes contain ribosomal subunits and RNA. Genetically inhibiting autophagy in an 
rns2-2 backgrounds led to a stunted growth phenotype and the accumulation of total RNA in the 
cell. Quantification of rRNA content within purified vacuoles indicates that the trafficking of 
rRNA into the vacuole is dependent on ATG5 but not on ATG9, suggesting different functions 
for these proteins in the autophagic degradation of rRNA. Stephanie Morriss generated and 
screened rns2-2 35S::GFP-ATG8e transgenic lines used in figure 1, performed all the work 
associated with figure 7, performed acid phosphatase analysis presented in figure 8, and provided 
assistance with in gel ribonuclease activity assays. The dissertation author performed the 
remaining experimental work. Gustavo MacIntosh wrote the introduction section. Stephanie 
Morris wrote the results section describing total RNA differentially accumulating in mutant 
lines. I performed the remaining experimental and writing work. 
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Chapter 3 reports on the importance of RNS2’s subcellular localization for its canonical 
function as a ribonuclease. My results illustrate that an RNS2 mutant allele, rns2-1, has intact 
ribonuclease activity, but has a similar increased autophagy phenotype as an rns2-2 null mutant. 
The rns2-1 allele lacks the putative endoplasmic reticulum (ER) retention signal and possibly a 
vacuolar localization signal. Previous studies suggested that RNS2 is localized to both the ER 
and vacuole, and is catalytically active in the vacuole. RNS2-1 was found to be secreted from the 
cell and had reduced localization to the vacuole. Mis-localization of RNS2-1 is likely correlated 
with the increased autophagy phenotype suggesting that intracellular retention of RNS2 and 
vacuole localization are important for RNS2’s physiological function. Yosia Mugume performed 
the experiments shown in figure 4 with assistance. I performed the remaining experimental work 
and wrote all sections. 
 
Chapter 4 describes a novel, autophagy-independent, trans-tonoplast, RNA transport 
pathway in Arabidopsis. A previous study reported on a similar RNA transport pathway in 
mammalian lysosomes. My results indicate that a similar process can occur in plants. Purified 
vacuoles accumulated exogenously added RNA in the vacuole lumen in an ATP-dependent 
fashion. This pathway was also investigated using fluorescently labeled RNA. Protein candidates 
were selected from proteomics studies of Arabidopsis vacuoles, as candidates for being involved 
in the trans-tonoplast RNA transport pathway. Using fluorescent RNA as a screening tool, a 
DEVH-box RNA helicase was found to show reduced fluorescent-RNA transport and also had 
increased autophagy. These results indicate that RNA can be transported into the vacuole, 
independent of autophagic vesicles, and that a DEVH-box RNA helicase might help facilitate 
RNA transport. Figure 1 experiments were conducted in collaboration with Ayesha Riaz. Ayesha 
performed Drosophila RNA extractions for use as a transport substrate and conducted all acid 
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phosphatase analyses. The AtHelps and Nucleoside Phosphate gene candidates were identified 
by Gustavo MacIntosh and homozygous mutants screened by Ayesha Riaz and Victoria Ridout. I 
performed the remaining experimental work and wrote all sections. 
 
Chapter 5 summarizes the conclusions of this research, and discusses implications as well 
as areas of future work. 
 
Included in the appendix is a research paper by Rojas, H., et al. describing a self-
incompatibility RNase T2 ribonuclease that localizes to the ER and may scavenge intracellular 
phosphate during phosphate starvation. This was the first report of a class III T2 ribonuclease 
localized to the ER. It also suggests that NnSR1 evolved its function from a duplication of the 
S70-RNase allele and is expressed in self-incompatable Nicotiana alata, but is not expressed or 
absent in self-compatible species. I designed and assisted in the transient assays shown in figure 
4, prepared the agrobacterium used for transient transformation in figure 5, conducted the 
confocal microscopy shown in figures 4 and 5, and performed co-localization statistical analysis 
in figure 5. Hernan Rojas and Stephanie Morriss performed the remaining experimental work. I 
also wrote the methods sections associated with the experiments described above. 
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CHAPTER 2 
 
Evidence for autophagy-dependent pathways of rRNA turnover in 
Arabidopsis 
 
A paper submitted to Autophagy5 
 
Brice E. Floyda, Stephanie C. Morrissb, Gustavo C. MacIntoshb,c,6 , and Diane C. Basshama,c, 7 
 
a Department of Genetics, Development and Cell Biology. Iowa State University, Ames, IA 
50011, USA. 
 
b Roy J. Carver Department of Biochemistry, Biophysics and Molecular Biology. Iowa State 
University, Ames, IA 50011, USA. 
 
c Plant Sciences Institute, Iowa State University, Ames, IA 50011, USA. 
 
 
2.1 Abstract 
 
 
Ribosomes account for a majority of the cell’s RNA and much of its protein and 
represent a significant investment of cellular resources. The turnover and degradation of 
ribosomes has been proposed to serve a role in homeostasis and during stress conditions. 
Mechanisms for the turnover of ribosomal RNA (rRNA) and ribosomal proteins have not been 
fully elucidated. We show here that the RNS2 ribonuclease and autophagy participate in RNA 
turnover in Arabidopsis thaliana under normal growth conditions. An increase in autophagosome 
formation was seen in an rns2-2 mutant, and this increase was dependent on the core autophagy 
genes ATG9 and ATG5. Autophagosomes and autophagic bodies in rns2-2 mutants contain RNA 
and ribosomes, suggesting that autophagy is activated as an attempt to compensate for loss of 
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rRNA degradation. Total RNA accumulates in rns2-2, atg9-4, atg5-1, rns2-2atg9-4, and rns2-
2atg5-1 mutants, suggesting a parallel role for autophagy and RNS2 in RNA turnover. rRNA 
accumulates in the vacuole in rns2-2 mutants. Vacuolar accumulation of rRNA was blocked by 
disrupting autophagy via an rns2-2atg5-1 double mutant but not by an rns2-2atg9-4 double 
mutant, indicating that ATG5 and ATG9 function differently in this process. Our results suggest 
that autophagy and RNS2 are both involved in homeostatic degradation of rRNA in the vacuole. 
 
2.2 Introduction 
 
 
Ribosomes are essential components of all cells and represent a major sink for cellular 
resources.1 The turnover of ribosomes is important to maintain cell viability and homeostasis 
during periods of nutritional stress. It was recognized early that macromolecular turnover and 
ribosomal RNA (rRNA) turnover in particular are activated when eukaryotic cells are subjected 
to deficiencies in carbon, nitrogen, or phosphate; available evidence pointed to a role for 
autophagic processes in the delivery of macromolecules to vacuoles in plants or lysosomes in 
animals and protozoa for degradation and recycling.2-5  
 
 Autophagy is a macromolecular degradation pathway that functions in the vacuolar 
degradation and recycling of cellular components. Macroautophagy is the best-characterized 
form of autophagy and is well studied in plants.6 Macroautophagy, referred to here as autophagy, 
involves de novo formation of double-membrane vesicles in the cytoplasm through the action of 
autophagy-related (ATG) proteins. The autophagic vesicle, called an autophagosome, 
encapsulates cargo targeted for degradation and is trafficked to and fuses with the vacuole, 
resulting in single-membrane autophagic bodies within the lumen. The autophagic bodies are 
then degraded and the breakdown products recycled. Autophagy functions at a basal level to 
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maintain homeostasis and can be upregulated during stress to aid plant survival.7, 8 Both non-
selective and selective autophagy pathways exist in many eukaryotes.8-14 
 
Recently, a selective type of autophagy termed ribophagy was described in yeast cells 
undergoing nitrogen starvation. Genetic analyses showed that ribophagy specifically targets 
ribosomes for degradation during nutritional stress in a process that depends on components of 
the basal, non-selective autophagy machinery, such as the scaffold protein ATG17 and E1-like 
protein ATG7.15 Mutations affecting activity of UBP3, a ubiquitin protease, caused interruption 
of ribophagy but not basal autophagy and resulted in cell death when cells were maintained in 
prolonged nutrient starvation. This indicates that ribosome turnover through selective ribophagy 
is essential for survival in stressed yeast cells,15 a conclusion also supported indirectly by 
transcriptome analyses.16 While ribophagy has not yet been specifically studied in other 
eukaryotes, mounting evidence suggests that the process could be conserved in plants and 
animals and that starvation is not required for ribophagy to occur.17-19  
 
In addition to an important role in response to nutrient deficiency, rRNA turnover also 
seems to be necessary for maintenance of cellular homeostasis during periods of normal growth. 
In Arabidopsis thaliana mutants lacking RNS2 (At2g39780), a non-specific endoribonuclease of 
the RNase T2 family that resides in the endoplasmic reticulum and the vacuole, rRNA has a 
longer half-life than in wild-type (WT) plants, indicating that this enzyme is necessary for 
normal rRNA decay.19 Moreover, the rns2-2 mutants accumulated RNA intracellularly and 
mutant cells accumulated acidic vesicles revealed by monodansylcadaverine (MDC) staining, 
hypothesized to be autophagosomes, even under non-starvation conditions. These results led to 
the hypothesis that RNS2 participates in a ribophagy-like mechanism that targets ribosomes for 
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degradation as a housekeeping function that maintains cellular homeostasis. Disruption of this 
mechanism would lead to accumulation of RNA and the induction of non-selective autophagy as 
a compensatory mechanism.19 This mechanism seems to be conserved in eukaryotes. Mutations 
affecting Danio rerio (zebrafish) RNASET2 also resulted in animals that accumulate rRNA in 
lysosomes, particularly in neurons, and this accumulation caused white matter lesions in the fish 
brain, again indicating that rRNA degradation is necessary for cellular homeostasis in non-
starvation conditions.18 
 
The involvement of Arabidopsis RNS2 and zebrafish RNASET2 in housekeeping rRNA 
turnover is consistent with the hypothesis that the conservation of the RNase T2 family in all 
eukaryotes is due to a conserved housekeeping role performed by these enzymes.20 In fact, 
RNase T2 enzymes have been shown to participate in rRNA degradation in conditions of 
nutritional stress in addition to the housekeeping role in plants and animals described above. For 
example, RNase T2 enzymes accumulate in the vacuoles of phosphate-deprived tomato cells in 
parallel with significant rRNA degradation;2 Rny1, the only RNase T2 enzyme in yeast, is 
responsible for rRNA and bulk RNA degradation in response to starvation and oxidative stress 
which results in metabolic changes;5, 21, 22 and mutations affecting Tetrahymena thermophila 
RNase T2 enzymes cause changes in the patterns of rRNA degradation observed under 
starvation, suggesting that these enzymes also participate in a ribophagy-like mechanism as a 
nutrient stress response.23 
 
While there is some agreement that rRNA degradation can occur in the vacuole or 
lysosome in plants and animals, the mechanisms of transport of rRNA or ribosomes to these 
organelles is not well characterized, with only the ribophagy mechanism in yeast being 
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somewhat understood. The analysis of rns2-2 phenotypes led us to hypothesize that autophagy 
may be part of this process. In this work we establish that the rns2-2 mutant has increased basal 
autophagy. Higher levels of RNA were demonstrated to accumulate in rns2-2 and atg mutants. 
rRNA accumulated in vacuoles from rns2-2 and rns2-2atg9 plants, but not rns2-2atg5 mutants. 
Both RNS2 and autophagy therefore participate in an RNA turnover mechanism, and this 
autophagic turnover of rRNA is dependent on ATG5 but not ATG9, suggesting a differential role 
for these proteins. 
 
2.3 Results 
 
 
2.3.1 ATG8-labeled autophagic bodies accumulate in an rns2-2 mutant 
The Arabidopsis thaliana RNS2 null mutant (rns2-2) was previously shown to 
accumulate MDC-stained structures even under normal nutrient-rich conditions,19 which were 
hypothesized to be autophagosomes. Since this assumption is central to the hypothesis that 
ribosomes are recycled through a ribophagy-like mechanism in Arabidopsis, and since MDC can 
stain other acidic organelles in addition to autophagosomes,24 our first objective was to 
determine whether the MDC-stained structures observed in rns2-2 are autophagosomes. For this 
purpose, we used transgenic WT and rns2-2 plants containing green fluorescent protein (GFP)-
ATG8e (At2g45170). ATG8 isoforms decorate both the inner and outer surface of a completed 
autophagosome.6, 8, 25 Fusion of this protein with GFP allows visualization of autophagosomes 
present in the cytoplasm and autophagic bodies present in the vacuole; thus GFP-ATG8 has been 
used extensively as an autophagosome and autophagic body marker.26-28  
 
 It was unknown if the potential accumulation of autophagosomes observed in rns2-2 was 
a result of increased autophagosome formation or decreased autophagic body degradation in the 
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vacuole. To differentiate between these two possibilities, vacuolar degradation was inhibited 
with concanamycin A (ConA). ConA inhibits V-type ATPases and subsequently raises vacuolar 
pH, which reduces hydrolytic enzyme activity and blocks hydrolase delivery to the vacuole.29, 30 
Seven-day-old seedlings were incubated in liquid Murashige and Skoog (MS) medium 
containing either 1µM ConA or dimethylsulfoxide (DMSO) as a solvent control and incubated 
for 5 hours in the dark on an orbital shaker. Seedling roots were then imaged using confocal 
microscopy (Fig. 1). WT/GFP-ATG8e roots had few GFP-labeled autophagosomes without 
treatment and little autophagic body accumulation upon treatment with ConA. rns2-2/GFP-
ATG8e also had a low number of autophagosomes visible, likely because GFP-ATG8e-labeled 
autophagosomes are difficult to detect in the cytoplasm due to the presence of free cytosolic 
GFP-ATG8e. However, upon treatment of rns2-2/GFP-ATG8e plants with ConA, numerous 
GFP-labeled autophagic bodies accumulated inside the vacuole, indicating that autophagosomes 
are produced constitutively in this mutant. A similar phenotype was also seen in WT and rns2-2 
Arabidopsis leaf protoplasts transiently expressing GFP-ATG8e (Fig. S1). This demonstrates that 
the MDC-stained structures previously reported to accumulate in rns2 mutants are ATG8-tagged 
autophagosomes, and that their accumulation results from increased autophagosome formation 
and not decreased autophagic body degradation. 
 
2.3.2 Constitutive autophagy in rns2-2 is complemented by expression of RNS2 
To confirm that the constitutive autophagy present in rns2-2 results from loss of RNS2 
activity, we introduced the RNS2 cDNA driven by a cauliflower mosaic virus 35S constitutive 
promoter into the rns2-2 mutant and assessed autophagy by staining with MDC. We first 
confirmed that GFP-ATG8e colocalizes with MDC-stained autophagosomes in roots as it does in 
leaf protoplasts.26 It has recently been shown that GFP-ATG8e labeled autophagosomes do not 
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colocalize with MDC-stained structures in Arabidopsis root tips.31 We typically avoid imaging 
the extreme root tip due to higher background fluorescence. In the region of the root in which we 
observe autophagosomes, between the elongation zone and ~1cm from the root tip, the majority 
of MDC- and GFP-ATG8e-labeled puncta co-localized in the cytoplasm (Fig S2).  
 
Seven-day-old transgenic seedling roots from two independent transformants were 
stained with MDC to detect autophagosomes and visualized by fluorescence microscopy. 
Expression of RNS2 in rns2-2 plants led to a decrease in autophagy for both transgenic events 
tested (Fig. 2A and B). RNS2 activity was verified in the transgenic lines by an in-gel 
ribonuclease activity assay using high-molecular weight torula yeast RNA as substrate.19, 32 Even 
though RNS2 event #1 had much lower RNS2 activity than WT, both lines showed 
complementation of the constitutive autophagy phenotype, indicating that relatively low RNS2 
activity is sufficient for complementation (Fig. 2C).  
 
2.3.3 Blocking autophagy in rns2-2 results in rosette growth defects but not stress tolerance 
defects 
We hypothesized that autophagy increases to compensate for lost RNS2 “housekeeping” 
activity in the rns2-2 mutant. Thus, blocking autophagy in rns2-2 could lead to more severe 
phenotypes. To test this hypothesis, we crossed rns2-2 with the autophagy mutant atg9 to 
generate an rns2-2atg9 double mutant. ATG9 (At2g31260) is probably involved in trafficking 
membrane lipid to newly forming autophagosomes and is required for autophagosome 
formation.33-35 A previously described atg9 null mutant had early bolting and senescence, as well 
as reduced seed production and accelerated chlorosis during nitrogen starvation.36 We identified 
an additional atg9 allele from the SALK T-DNA insertion mutant collection (SALK_145980, 
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CS859902), atg9-4. Characterization of individuals homozygous for the atg9-4 mutation using 
MDC staining (Fig. S3) showed that, consistent with the previously described atg9 mutant, they 
are deficient in autophagy activation during salt, nitrogen starvation, and carbon starvation 
stresses.  
 
 rns2-2 was also crossed with an atg5-1 mutant (corresponding to the At5g17290 locus) to 
generate a rns2-2atg5-1 double mutant.28 Mutations in ATG5 have been shown to block 
macroautophagy, selective macroautophagy of protein aggregates, and microautophagy 
mechanisms in plants and other eukaryotes.28, 37-41 
 
rns2-2 has a T-DNA insertion in the fifth intron and is null for RNS2 RNase activity.19 
To verify that rns2-2atg9-4 and rns2-2atg5-1 plants lack RNS2 activity, total protein extracts 
from seedlings were subjected to the in-gel ribonuclease activity assay (Fig S4A and S5A). In 
this zymogram analysis, multiple bands for RNS2 are sometimes detected in WT extracts due to 
glycosylation of RNS2.19 In contrast, rns2-2, rns2-2atg9-4, and rns2-2atg5-1 lacked activity 
bands in the RNS2 range. RT-PCR demonstrated that expression of ATG9 and ATG5 is absent in 
atg9-4, atg5-1, rns2-2atg9-4, and rns2-2atg5-1 mutants (Fig. S4B and S5B).  
 
Many Arabidopsis autophagy mutants have smaller rosettes,42 while no detailed analysis 
of changes in growth has been performed for the rns2-2 mutant. To determine whether growth 
differences exist between the different genotypes analyzed in our work, twenty-six-day-old 
rosettes were analyzed by Rosette Tracker software.43 Rosette area was determined for rosettes 
of each genotype and normalized to WT (Fig. 3A and C). It is evident from this analysis that the 
rns2-2, atg9-4, and atg5-1 mutations have an effect on plant growth. The rns2-2 mutant showed 
a small but significant increase in total rosette area with respect to WT plants. atg9-4 and atg5-1 
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were both smaller than WT as expected from observations of other atg mutants. rns2-2atg9-4 
and rns2-2atg5-1 had smaller rosette areas than atg9-4 and atg5-1 single mutants, indicating that 
loss of RNS2 enhances the atg mutant growth phenotype. The rns2-2atg5-1 double mutant 
showed the most severe phenotype, potentially because of a more complete autophagy block than 
in atg9-4 mutants.44 
 
Autophagy mutants, including atg5-1, have increased sensitivity to nutrient stress.28, 36, 45, 
46 To test if rns2-2, atg9-4, atg5-1, rns2-2atg9-4, or rns2-2atg5-1 also showed increased 
sensitivity to nutrient deficiency, we subjected seedlings to fixed-carbon starvation stress.47 
Seedlings were grown under a long-day (LD) photoperiod on solid MS medium lacking sucrose 
for 2 weeks. Seedlings were then placed in darkness for 10 days and allowed to recover for 12 
days under LD. The number of surviving seedlings was compared to the number of germinated 
seedlings that existed prior to dark exposure (Fig. 3B and D). No significant difference existed 
between WT and rns2-2. However, atg9-4 and rns2-2atg9-4 showed increased sensitivity to 
fixed-carbon starvation. No significant differences existed between atg9-4 and rns2-2atg9-4, 
suggesting that autophagy is not essential for rns2-2 plant’s survival under fixed-carbon 
starvation and that rns2-2 adopts atg9-like phenotypes in the rns2-2atg9-4 double mutant. atg5-1 
containing mutants were more sensitive to fixed-carbon starvation than atg9-4 mutants (Fig. S6). 
No seedlings survived in either atg5-1 or rns2-2atg5-1, suggesting ATG5 is more important than 
ATG9 for surviving fixed-carbon starvation stress. This is consistent with previous studies using 
the atg5-1 mutant.28 The difference in percent survival of WT and rns2-2 seedlings between 
atg9-4- and atg5-1-containing studies is likely due to differences in the seed stocks used in each 
analysis.  
 
86	  	  
2.3.4 Autophagy is blocked in rns2-2atg9-4 and rns2-2atg5-1  
Some autophagy-like processes have been described that do not rely on the classical 
autophagy machinery.48-50 To characterize the dependence of the rns2-2 constitutive autophagy 
phenotype on known core autophagy proteins, we analyzed autophagy in rns2-2atg9-4 and rns2-
2atg5-1 double mutants. Seven-day-old seedling roots were stained with MDC to detect 
autophagosomes and were visualized by confocal microscopy (Fig. 4A and B). Autophagy is 
present at a low basal level in WT seedlings,51, 52 as indicated by a few fluorescent puncta present 
in root cells. rns2-2 has increased autophagy, with multiple puncta.19 As determined above, atg9-
4 and atg5-1 are deficient in autophagy, and no puncta were observed. Introduction of the atg9-4 
or atg5-1 mutant alleles eliminated the increased autophagy phenotype in rns2-2. Quantification 
of the puncta observed with MDC staining and fluorescence microscopy showed that 
autophagosome number is significantly and substantially increased in rns2-2 and significantly 
reduced in atg9-4, atg5-1, rns2-2atg9-4, and rns2-2atg5-1 (Fig. 4C and D). More important, 
mutations in ATG9 and ATG5 completely eliminate the constitutive autophagy phenotype in the 
rns2-2 mutant. Differences in autophagosome number are seen in the rns2-2 mutant in different 
experiments, possibly due to variability in growth conditions, compared to WT seedlings. These 
results further confirm that the MDC-stained puncta that accumulate in rns2-2 are 
autophagosomes, and that this accumulation relies on the core ATG machinery. 
 
As an alternative approach to test for accumulation of autophagic bodies (and other 
vesicles) in the vacuole, seedlings were treated with either 1µM ConA or DMSO as a solvent 
control for 8 hours in liquid MS medium in darkness. Differential interference contrast 
microscopy (DIC) was used to visualize vesicle accumulation in the vacuole in seedling root 
cells. WT, rns2-2, atg9-4, and rns2-2atg9-4 lines all lacked vesicle accumulation upon treatment 
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with DMSO solvent control (Fig. S7) suggesting vesicle turnover is not affected. However, 
treatment with ConA resulted in some vesicles accumulating in WT, likely a result of basal 
autophagy, and a large number of vesicles accumulating in rns2-2. Very few vesicles 
accumulated in atg9-4 and rns2-2atg9-4, further indicating that autophagosome trafficking to the 
vacuole is blocked in the atg9-4 background.  
 
2.3.5 Autophagosomes in rns2-2 contain RNA and ribosomes 
We hypothesized that the increased autophagy in rns2-2 may be an attempt to 
compensate for the loss of RNS2 activity by trafficking ribosomes or rRNA to the vacuole for 
degradation. To investigate the role of autophagy in trafficking RNA to the vacuole, seven-day-
old WT and rns2-2 seedlings were co-stained with MDC to visualize autophagosomes and 
SYTO RNASelect to label RNA (Fig. 5A). Some cell autofluorescence is detected in unstained 
controls in the MDC channel, but no puncta are observed in either WT or rns2-2. Significantly 
more MDC and SYTO stained bodies were observed in rns2-2 than in WT seedlings. Co-
localization of MDC- and SYTO RNASelect-labeling was also significantly increased in rns2-2, 
with ~55% of the MDC-labeled structures co-localizing with the SYTO stain (Fig. 5B and C). 
This suggests that many of the MDC-stained bodies, most likely autophagosomes, contain RNA. 
 
WT and rns2-2 seedling roots were also analyzed by transmission electron microscopy. 
Autophagosomes contain cytoplasmic components and have a characteristic double-membrane 
morphology when in the cytoplasm. Upon fusion with the tonoplast, single-membrane 
autophagic bodies are released into the vacuole lumen. DMSO-treated control seedlings had 
vacuoles lacking vesicles (Fig. 6). Treatment with ConA resulted in some accumulation of 
vesicles in the vacuoles of both WT and rns2-2 seedlings. Vesicles in WT were only found 
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occasionally and contained little cytoplasmic cargo. rns2-2 cells accumulated numerous single 
membrane vesicles within the vacuole that contained components such as mitochondria, 
endoplasmic reticulum, and ribosomes, indicating that they were autophagic bodies. No double 
membrane autophagosomes were observed in the cytoplasm, likely because of their transient 
nature and rapid trafficking to the vacuole.  
 
2.3.6 RNA differentially accumulates in mutant lines 
Previous results indicated higher levels of SYTO RNASelect staining in Arabidopsis 
rns2-2 roots and protoplasts.19 Mutations affecting a recently described selective autophagy 
process (RNautophagy) in mice resulted in higher accumulation of total cellular RNA levels.53 In 
order to examine whether the total level of RNA present in rns2-2, atg9-4, atg5-1, rns2-2atg9-4, 
and rns2-2atg5-1 lines differs from WT, tissue was lyophilized and RNA extracted from each 
mutant, quantified and normalized to dry weight. rns2-2, atg9-4, atg5-1, rns2-2atg9-4 and rns2-
2atg5-1 mutants were all found to have significantly higher levels of RNA than WT (Fig. 7). 
Interestingly, rns2-2atg5-1 had significantly higher total RNA than the single mutants and the 
rns2-2atg9-4 double mutant. This indicates that both RNS2 and the autophagy pathway are 
required for maintenance of normal cellular RNA levels, with ATG5 having a greater 
involvement than ATG9 in an rns2-2 background. 
 
2.3.7 rRNA accumulates in vacuoles of rns2-2 and rns2-2atg9-4 
As rRNA is the most abundant form of RNA in cells and the half-life of rRNA is 
increased in rns2-2,19 we hypothesized that rRNA can be transported to the vacuole by 
autophagy for degradation by RNS2. To test this hypothesis we developed a method for the 
quantification of RNA within the plant cell vacuole. Vacuoles were purified from WT, rns2-2, 
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atg9-4, atg5-1, rns2-2atg9-4, and rns2-2atg5-1 plants and RNA extracted. cDNA was 
synthesized from each RNA sample and quantitative real-time PCR (qRT-PCR) was used to 
measure the amount of ribosomal RNA in each vacuole preparation. However, no reference gene 
RNA for qRT-PCR normalization is available within vacuoles. Therefore, to control for vacuole 
yield and normalize the qRT-PCR results, acid phosphatase activity was measured in aliquots of 
purified vacuoles (Fig. 8A). Acid phosphatase is a vacuolar resident enzyme in plant cells 54, 55 
and has similar activity in WT, rns2-2, atg9-4, atg5-1, rns2-2atg9-4, and rns2-2atg5-1 vacuoles 
(Fig. 8B). Arabidopsis 18S and 25S rRNA-specific primers were used to quantify the amount of 
rRNA in vacuoles per unit of acid phosphatase activity. rns2-2 vacuoles were found to contain 
significantly more 18S and 25S rRNA than WT, atg9-4, atg5-1, or rns2-2atg5-1 (Fig. 8C). 
Interestingly, disrupting autophagy via the rns2-2atg9-4 mutant did not reduce the amount of 
rRNA in the vacuole compared with the rns2-2 single mutant, while the rns2-2atg5-1 double 
mutant had reduced rRNA accumulation. Furthermore, atg5-1 vacuoles had significantly lower 
amounts of rRNA than WT or atg9-4. This indicates differing functions of ATG9 and ATG5 in 
the trafficking and turnover of rRNA in the vacuole by autophagy.  
 
2.4 Discussion 
 
 
The cell closely monitors the synthesis and assembly of ribosomes through a number of 
processes due to the sizeable anabolic requirements and importance of making stable 
ribosomes.1, 56 Several pathways have been described for the decay of mRNA, misassembled 
ribosomal subunits, and nonfunctional ribosomes.56, 57 However, decay mechanisms by which 
turnover of normal ribosomes occur are not fully understood. The purpose of this work is to 
better understand the relationship between autophagy and the turnover of ribosomes in plants. 
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We show that the core autophagy machinery is activated to compensate for lost RNS2 activity in 
the rns2-2 mutant, and that the autophagosomes contain RNA and ribosomes. The lack of RNS2 
activity in this mutant leads to the accumulation of undigested rRNA within the vacuole, and this 
accumulation is blocked in an rns2-2atg5-1 double mutant. Moreover, rns2-2, atg9-4, atg5-1, 
rns2-2atg9-4, and rns2-2atg5-1 mutants show elevated amounts of total RNA, suggesting that 
autophagy is a mechanism of ribosome turnover.  
 
 RNase T2 enzymes represent the most widely distributed of all the endoribonuclease 
families and are conserved in eukaryotes, some prokaryotes, and some viruses.20, 58-61 RNS2 is 
one of five RNase T2 enzymes found in Arabidopsis and is the only class II RNase T2 
constitutively expressed throughout the plant and throughout development.60, 62 RNase T2 
proteins are targeted to organelles of the secretory pathway, including the endoplasmic 
reticulum, Golgi apparatus, vacuole, lysosome, and associated vesicles, or secreted from the 
cell.20, 59, 64 RNS2 is localized to the endoplasmic reticulum and vacuole,19 where it functions in 
degradation of rRNA (and possibly other types of RNA) after uptake into the vacuole either as 
free RNA or as intact ribosomes. This pathway is thus complementary to cytoplasmic RNA 
degradation pathways, in which different classes of ribonucleases and degradation machineries 
function.64, 65 Studies in multiple systems have found RNS2 orthologs to be important for the 
degradation of rRNA. Mutant alleles of RNASET2 are associated with accumulation of 
undigested rRNA within lysosomes in brain neurons causing white matter lesions in zebrafish 
and humans, which results in neurodegeneration, and cystic leukoencephalopathy in the latter.18, 
66 Ribosomal RNA is also a cellular substrate for the RNase T2 enzymes of unicellular 
eukaryotes such as yeast and Tetrahymena as seen during nutrient starvation.22, 23  
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We previously showed that under normal growth conditions rns2-2 and anti-sense RNS2 
plants had rRNA with extended half-life, indicating that rRNA is a substrate for RNS2 in plants. 
Labeling with the RNA-specific stain SYTO RNASelect suggested that RNA accumulated in the 
vacuoles of rns2-2 mutants.19 To determine whether this RNA inside the vacuole included rRNA 
and to measure this accumulation, we developed a method to quantify rRNA within plant cell 
vacuoles. qRT-PCR is typically normalized to a reference gene such as 18S, actin, or Tip41-
like;68 however, these transcripts are not present in the vacuole and therefore cannot be used as 
normalization controls in our system. We also tested for the presence of Ubiquitin and RNS2 but 
could not detect these transcripts in the vacuole fractions. Instead, acid phosphatase enzyme 
activity was used to determine the relative amount of purified vacuoles for standardization of 
qRT-PCR. With this method, we found that 18S and 25S rRNAs accumulate to ~6-fold higher 
levels in rns2-2 than WT vacuoles. Thus, our results demonstrate that RNS2 participates in the 
degradation of rRNA that has been delivered to the vacuole either by mechanisms that rely on 
the core autophagy machinery or by alternative mechanisms (see below).  
 
It was previously shown that rns2-2 plants have increased accumulation of MDC-stained 
acidic vesicles under normal growth conditions,19 and we show here that these structures are in 
fact autophagosomes, based on the presence of ATG8 in their membranes and the requirement 
for ATG9 and ATG5 for their formation. Furthermore, we have shown that the autophagic 
bodies accumulating in rns2-2 contain RNA and ribosomes. These results support the hypothesis 
that autophagy is being activated to deliver rRNA to the vacuole through a ribophagy-like 
mechanism to compensate for a reduction in rRNA turnover due to lost RNS2 activity. 
Quantification of RNA in rosette leaves also indicated that autophagy may function in normal 
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bulk RNA turnover, as rns2-2, atg9-4, atg5-1, rns2-2atg9-4, and rns2-2atg5-1 all showed 
increased levels of total cellular RNA.  
 
However, total RNA accumulation in rns2-2atg5-1 double mutants was significantly 
higher than in single mutants, with rns2-2atg9-4 also showing a marginal increase in total RNA 
accumulation, suggesting that RNS2 and autophagy do not function entirely in the same pathway 
for RNA degradation. Reduced accumulation in rns2-2 relative to rns2-2atg5-1 and rns2-2atg9-4 
may be an effect of the constitutive autophagy phenotype in rns2-2. It is currently unknown if 
ribosomes can be selectively targeted by autophagy in plants. However, the autophagosomes that 
form in rns2-2 may also encapsulate stress granules and P-body-like structures in the cytoplasm, 
which are known to contain RNA degradation machineries including ribonucleases.68, 69 Studies 
in mammals have shown that stress granules are cleared by autophagy.70 If this is the case, the 
constitutive autophagy may traffic cytoplasmic ribonucleases to the vacuole where they can 
degrade some of the RNA present there, albeit at a reduced rate since the vacuolar environment 
is likely below their pH optimum, and the RNases themselves may be targets for degradation by 
vacuolar proteases. 
 
Interestingly, genetically blocking autophagy using the atg9-4 mutant did not eliminate 
the accumulation of rRNA in vacuoles, as the rns2-2atg9-4 mutant contained approximately the 
same amount of rRNA in its vacuoles as rns2-2. It was recently reported that the atg9 mutant has 
reduced but not completely blocked autophagic flux.44 Although our microscopy data suggests 
that atg9-4 blocks the formation of autophagosomes, vacuolar rRNA quantification indicates that 
rRNA is still delivered to the vacuole in this mutant. atg5-1 is thought to completely lack 
autophagy, and vacuolar rRNA accumulation is completely lost in rns2-2atg5-1. These data 
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indicate that either atg9-4 has a low level of autophagy activity remaining that is sufficient to 
deliver rRNA to the vacuole but is not detectable with our microscopy assays, or that ATG9 and 
ATG5 function differently in the autophagic trafficking of rRNA to the vacuole. During 
macroautophagy, ATG9 is involved in trafficking membrane to the phagophore during 
autophagosome biosynthesis while ATG5 functions in the conjugation of ATG8 to 
phosphatidylethanolamine.71 However, other forms of autophagy have been described in 
eukaryotes. One form, microautophagy, occurs through invagination of the vacuolar membrane 
to form single membrane vesicles that enter the vacuole for degradation.72 Microautophagy has 
been reported during plant senescence and development, but little is known about its role in plant 
cell homeostasis.48, 50, 73-75 It is possible that ATG5 is involved in a microautophagy-like or other 
novel mechanism that does not require ATG9 (Fig. 9). Thus, the atg5-1 mutant would block both 
macro- and microautophagy while atg9-4 would block only macroautophagy. This would also 
explain the lower vacuolar rRNA accumulation of atg5-1 compared with WT and atg9-4. 
 
While it is logical to propose that the upregulation of autophagy in rns2-2 is a 
compensation mechanism for lost RNS2 activity that helps to maintain cellular homeostasis, the 
actual cellular changes caused by lack of rRNA recycling that lead to increased autophagic 
activity are unclear. Basal autophagy is always present in plants, turning over cytoplasmic 
components and functioning as a quality control mechanism.52, 76 Autophagy is upregulated 
during the developmental processes of senescence and cell death as well as during biotic and 
abiotic stresses such as oxidative stress, drought, nutrient starvation, and pathogen infection.6, 36, 
77-81 Upregulation of autophagy in rns2-2 could be caused by a lack of ribosome turnover that 
results in the accumulation of toxic products and oxidative stress, or it could be the result of a 
starvation response, since rRNA represents a large proportion of cellular resources. The turnover 
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of ribosomes through autophagy or other mechanisms may be important for homeostasis and the 
resources recycled through this process, such as bases, nucleosides, nitrogen, or energy, may be 
needed to maintain housekeeping functions in normal cells. 
 
In summary, we have shown that autophagy is upregulated in response to a mutation in 
the RNS2 ribonuclease in Arabidopsis and that the autophagosomes produced contain both RNA 
and ribosomes. Disrupting either RNS2 activity or autophagy results in RNA accumulation 
within the cell, suggesting a role for ATG5-mediated autophagy in RNA turnover. Autophagy, 
however, may not be the sole process for rRNA turnover in plants. Recent reports suggest RNA 
and DNA can be transported into lysosomes by a transmembrane transporter in mammalian 
cells.53, 82 LAMP2C, a splice variant of LAMP2, is a lysosomal membrane protein that binds to 
both DNA and RNA and facilitates transport of DNA and RNA into the lysosomal lumen. 
Interestingly, LAMP2-deficient mice mutants have constitutive autophagy, suggesting that 
autophagy may compensate for loss of the LAMP2C transporter.83 Thus, LAMP2C may serve a 
role in homeostasis and act in a mechanism of normal RNA turnover. Although no homolog of 
LAMP2C is present in Arabidopsis, possible alternative transport pathways for RNA are under 
investigation.  
 
2.5 Methods 
 
 
Plant growth and Arabidopsis thaliana genotypes 
Arabidopsis thaliana Columbia-0 accession was used as wild-type control. For 
microscopy analyses, seeds were surface sterilized in 33% (v/v) bleach, 1% Triton X-100 for 
20min followed by cold treatment for ≥2 days. Plants were grown for seven days under long day 
(LD) conditions (16hr light/8hr dark) at 22°C on nutrient solid Murashige-Skoog medium with 
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vitamins (MS)(MSP09; Caisson Labs), 1% sucrose, 2.4mM MES pH5.7, and 0.8% (w/v) 
phytoagar (PTP01; Caisson Labs) as described.84 Plants used for protoplast, vacuole, and dry 
weight analyses were grown in soil under LD conditions at 22°C. Sensitivity to fixed carbon 
starvation was performed as described.45, 47 Seedlings were grown in LD on solid MS medium as 
above without sucrose for 14 days, transferred to darkness for 10 days, and allowed to recover in 
LD for 12 days, and the percent surviving seedlings counted. Rosette size was analyzed using 
26-day-old rosettes grown in LD and Rosette Tracker software as described.43 For salt stress, 
seven-day-old seedlings were transferred to liquid MS medium +160mM NaCl for 6 hours. For 
nitrogen and carbon starvation seven-day-old seedlings were transferred to medium lacking 
either nitrogen or sucrose for 4 days. Carbon starvation plates were kept in the dark as 
described.85, 86  
 
T-DNA insertion mutants used in this study were rns2-2 (SALK_069588), atg9-4 
(SALK_145980, CS859902), and atg5-1 as described by Thompson et al.28 Crossing of rns2-2 
with atg9-4 and atg5-1 was done according to Weigel and Glazebrook 87 Genomic DNA from F1 
and F2 progeny was analyzed by PCR using the primers listed in Table S1 to identify rns2-
2atg9-4 and rns2-2atg5-1 homozygous double mutant lines. GFP-ATG8e transgenic plants have 
been previously described.88 Wild-type RNS2 was amplified from cDNA prepared from wild-
type leaves. The PCR product was inserted into the MCS11 binary vector containing a 35S 
promoter using the Clontech InFusion HD recombination based cloning kit (638909; Clontech 
Laboratories, Inc.). Both rns2-2 GFP-ATG8e and rns2-2 RNS2 expressing transgenic plants 
were generated by Agrobacterium tumefaciens-mediated transformation using floral dip.89 
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RT-PCR and ribonuclease activity analysis 
RNA was extracted from seven-day-old seedlings using Trizol reagent (15596018; 
Invitrogen) and treated with DNaseI (18068015; Invitrogen). cDNA was synthesized using 
SuperScript III reverse transcriptase (18080093; Invitrogen) and oligo dT primer (C1101; 
Promega). RT-PCR was completed for 28 cycles using the newly synthesized template and 
primers listed in Table S1. Ribonuclease activity assays were performed as previously described 
using purified high-molecular weight torula yeast RNA (R-6625; Sigma) as substrate.19, 32 
 
Transient transformation of rosette leaf protoplasts 
Arabidopsis rosette leaf protoplasts were prepared and transformed according to Sheen 90 
Thirty micrograms of GFP-ATG8e plasmid DNA was used for each transformation. 
Transformed protoplasts were treated with 1µM concanamycin A (C9705; Sigma) or dimethyl 
sulfoxide (DMSO) as a solvent control for 16 hours in darkness rotating on an orbital shaker at 
50rpm and visualized using confocal microscopy. 
 
Staining and microscopy 
For differential interference contrast microscopy (DIC), seven-day-old seedlings were 
treated with 1µM concanamycin A or DMSO as a solvent control in liquid MS medium for 5 
hours in the dark at 50rpm on an orbital shaker. Samples were visualized using a Zeiss Axioplan 
II light microscope equipped with an Axio Cam HRC digital imaging system and 40x objective 
(Carl Zeiss Inc.). For MDC staining, seven-day-old Arabidopsis seedlings were stained with 
50µM monodansylcadaverine (MDC; 30432; Sigma) in phosphate buffered saline pH 7.4 
according to Contento et al.26 For all seedling microscopy, roots were imaged in the late 
elongation zone and neighboring cells in the differentiation zone. Root tips and older 
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differentiation region cells were excluded. MDC fluorescence was visualized using a UV lamp 
and 4’,6-diamidino-2-phenylindole-specific filter (DAPI) with excitation of 360±20nm and 
emission of 460±25nm (Chroma Technology Corp.). The number of motile MDC-stained 
autophagosomes in all cells visible in the focal plane was quantified and expressed per frame.  
 
Confocal microscopy was performed using a Leica (Leica Microsystems) SP5 X MP 
confocal multiphoton microscope and HPX PL APO CS 63.0x1.40 oil objective. Confocal 
microscopy of MDC staining used an excitation/emission of 405nm/430-550nm. Confocal 
microscopy of seven-day-old seedlings expressing GFP-ATG8e and treated with 1µM 
concanamycin A or DMSO as a solvent control in liquid MS medium for 5 hours in the dark at 
50rpm on an orbital shaker used an excitation of 484nm and emission of 500-600nm.  
 
 For co-staining using SYTO RNASelect (S32703; Invitrogen) and MDC, seven-day-old 
seedlings were stained with 5µM SYTO RNASelect in liquid MS medium for 3 hours in 
darkness on an orbital shaker followed by three 5min washes with liquid MS medium. SYTO-
stained seedlings were then subjected to MDC staining as above. Fluorescence was visualized 
using confocal microscopy with an excitation/emission of 405nm/430-480nm and 490nm/515-
540 for MDC and SYTO RNASelect respectively with sequential excitation and acquisition to 
reduce cross-excitation. Fluorescence analysis and quantification was done using FIJI software.91 
 
Transmission electron microscopy 
Seven-day-old Arabidopsis seedlings were collected and fixed with 2% glutaraldehyde 
(w/v) and 1% paraformaldehyde (w/v) in 0.1M cacodylate buffer, pH 7.2 for 48 hours at 4°C. 
Samples were rinsed 3 times in 0.1M cacodylate buffer and then post-fixed in 1% osmium 
tetroxide in 0.1 M cacodylate buffer for 1 hour at room temperature. The samples were rinsed in 
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deionized distilled water and enbloc stained with 2% aqueous uranyl acetate for 30 min., 
dehydrated in a graded ethanol series, cleared with ultra-pure acetone, infiltrated and embedded 
using Spurr’s epoxy resin (Electron Microscopy Sciences). Resin blocks were polymerized for 
48 hours at 65°C. Thick and ultrathin sections were made using a UC6 ultramicrotome (Leica) 
Thick (1µm) sections were collected onto slides, stained with 1% toluidine blue and imaged 
using a Zeiss Axioplan II light microscope (Carl Zeiss Inc). Ultrathin (60-70nm) sections were 
collected onto copper grids and counter-stained with 2% uranyl acetate in deionized distilled 
water for 30 min. Images were captured using a JEOL 2100 scanning and transmission electron 
microscope (Japan Electron Optic Laboratories) at the Iowa State University Microscopy and 
Nanoimaging Facility. 
 
Dry weight total RNA quantification 
Arabidopsis rosette leaves were lyophilized for 2-3 days, and RNA was extracted from 4-
8 mg of dry tissue using TRI Reagent (AM9738; Invitrogen) and resuspended in 100µL of 
RNase-free water.53 RNA was quantified using a NanoDrop 1000 Spectrophotometer (Thermo 
Scientific) and normalized to dry weight. 
 
Vacuolar rRNA quantification 
Vacuoles were purified from Arabidopsis rosette leaves grown under long day conditions during 
early bolting92 and frozen in liquid nitrogen. Upon thawing, vacuoles were homogenized by 
vortexing and 100µl used for acid phosphatase analysis. RNA was extracted from the remaining 
vacuoles using an RNeasy Plant Mini Kit (74904; Qiagen). For this, 900µl of vacuoles were 
combined with 600µl of lysis buffer RLT (Qiagen) and RNA extracted according to the 
manufacturer’s protocol. Samples were DNase-treated on the Qiagen RNA column using an on-
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column DNase (79254; Qiagen) and RNA eluted with 30µl of supplied nuclease-free water. A 
13µl aliquot of vacuole RNA was used for cDNA synthesis using an iScript Select cDNA 
synthesis kit (170-8896; Bio-Rad, Hercules, CA, http://www.biorad.com) using random primers 
with a final cDNA dilution volume of 80µl. cDNA was tested by semi-quantitative PCR using 
the primers in Table S1. qRT-PCR was carried out using SYBR-Green (AB-1158/A; Thermo) 
and a Stratagene Mx4000 multiplex quantitative PCR system (Agilent Technologies) with 
primers listed in Table S1, with TIP41-like used as an internal control in protoplasts.67 The 
efficiency for each primer pair and the relative amount of RNA in each sample were calculated 
using a standard curve as described.93 qPCR results were normalized to the vacuole marker 
enzyme acid phosphatase activity, whish was measured as previously described.54, 94 Three to 
five biological replicates per genotype were carried out.  
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2.8 Figures and tables 
 
 
 
Figure 1. GFP-ATG8e-containing autophagosomes accumulate in rns2-2 seedling root cells.  
Seven-day-old transgenic Arabidopsis WT and rns2-2 seedlings expressing the GFP-ATG8e 
autophagosome marker were treated for 5h with either dimethyl sulfoxide (DMSO) as a solvent 
control or 1µM ConA to block vacuolar degradation. Roots were visualized by confocal 
microscopy. Images are representative of three biological replicates. Scale bar = 10µm. 
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Figure 2. Genetic complementation of rns2-2 mutant with wild type RNS2 eliminates the 
increased autophagy phenotype.  
(A) Seven-day-old WT, rns2-2, 35S::RNS2 rns2-2 event 1 (RNS2 E1), and 35S::RNS2 rns2-2 
event 2 (RNS2 E2) Arabidopsis seedling roots were stained with 50µM monodansylcadaverine 
(MDC) and imaged using fluorescence microscopy. Scalebar = 20µm. (B) Activity gel of RNS2 
activity. Total protein extracts from seven-day-old seedlings were analyzed using an RNase 
activity in gel assay. The position of RNS2 is indicated. (C) Quantification of autophagy. MDC-
stained structures as shown in part (A) were quantified from fluorescence microscopy images. 
Autophagosomes (ATGs) were counted per frame from 30 root images taken in the late 
elongation zone per genotype across 3 biological replicates. Error bars represent standard error. 
Similar letters indicate no significant difference according to pairwise Student’s two-sided equal 
variance t-test (P>0.05). 
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Figure 3. Effect of the rns2-2 and atg9-4 mutations on rosette size and carbon starvation 
tolerance.  
(A) Twenty-six-day-old Arabidopsis rosettes from WT, rns2-2, atg9-4, atg5-1, rns2-2atg9-4, 
and rns2-2atg5-1 plants grown under LD. Scale bar = 2cm. (B) WT, rns2-2, atg9-4, and rns2-
2atg9-4 seedlings were grown on MS medium lacking sucrose for 14 days in LD, placed in 
darkness for 10 days, and recovered in LD for 12 days. (C) Boxplot of normalized rosette area 
(A) using Rosette Tracker software as a FIJI plugin. 54-66 plants were measured for each 
genotype, with 4 biological replicates for atg9-4 mutants and two biological replicates for atg5-1 
mutants. The shaded box represents the interquartile range, horizontal line represents the median, 
and open circles represent outliers >1.5 standard deviations away from the mean. (D) Percent 
survival of seedlings grown under sucrose starvation conditions (C) was calculated by counting 
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green seedlings compared to the number of germinated seedlings. 60-122 seedlings were used for 
each genotype, with seven biological replicates. Error bars represent standard error. Similar 
letters indicate no significant difference according to pairwise Student’s two-sided equal 
variance t-test (P>0.05). 
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Figure 4. rns2-2 has constitutive autophagy that is eliminated in the atg9-4 and atg5-1 
backgrounds.  
(A-B) Seven-day-old WT, rns2-2, atg9-4, atg5-1, rns2-2atg9-4, and rns2-2atg5-1 Arabidopsis 
seedling roots were stained with 50µM MDC and imaged using confocal microscopy. Scalebar = 
25µm. (C-D) MDC-stained structures as shown in part (A-B) were quantified from fluorescence 
microscopy images. Autophagosomes (ATGs) were counted per frame from 30 root images 
taken in the late elongation zone per genotype with 3-4 biological replicates. Error bars represent 
standard error. Similar letters indicate no significant difference according to pairwise Student’s 
two-sided equal variance t-test (P>0.05).  
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Figure 5. MDC-stained bodies in rns2-2 co-localize with SYTO RNASelect-stained RNA. 
(A) Seven-day-old WT and rns2-2 Arabidopsis seedlings were co-stained with 50µM MDC and 
5µM SYTO RNASelect and analyzed by confocal microscopy. Arrowheads indicate co-localized 
puncta. Scale bar = 25µm. (B) Co-localization analysis by line fluorescence tracing of pixel 
intensity using FIJI software of co-localized puncta in rns2-2. (C) Quantification of MDC, 
SYTO RNASelect, and co-localized puncta. Percentage of co-localized puncta was calculated by 
determining the number of co-localized puncta/number of MDC-stained puncta. 5-15 images per 
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genotype were analyzed with 3 biological replicates. Error bars represent standard error. Similar 
letters indicate no significant difference according to pairwise Student’s two-sided equal 
variance t-test (P>0.05). 
 
 
Figure 6. rns2-2 accumulates autophagic bodies containing organelles inside the vacuole. 
WT and rns2-2 Arabidopsis seedlings were treated for 8h in the dark with dimethyl sulfoxide 
(DMSO) as a solvent control or 1µM concanamycinA (ConA) to block vacuolar degradation and 
imaged by transmission electron microscopy. Insets show autophagic bodies within the vacuole 
(V). rns2-2 inset labels: (R) ribosomes, (M) mitochondria, (ER) endoplasmic reticulum. All scale 
bars = 2µm. 
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Figure 7. Total RNA content is elevated in the rns2-2, atg9-4, and atg5-1 mutants. 
Total RNA was extracted from lyophilized adult rosette leaves. After quantification, RNA 
content was normalized to the mass of lyophilized tissue used for the extraction. For each 
genotype, five samples with leaves pooled from four plants each were collected in three sets of 
independently grown plants. Error bars represent standard error. Similar letters indicate no 
significant difference according to pairwise Student’s two-sided equal variance t-test (P>0.05). 
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Figure 8. rns2-2 and rns2-2atg9-4 accumulate ribosomal RNA within vacuoles while atg5-1 
mutants do not.  
(A) Vacuolar rRNA quantification protocol. Protoplasts were prepared from adult rosette leaves. 
Vacuoles were purified from these protoplasts, and checked for quality under the microscope. 
Each vacuole sample was then split for RNA quantification (including RNA extraction, DNase 
treatment, cDNA synthesis and qPCR) or acid phosphatase analysis. (B) Acid phosphatase 
activity is similar across all tested genotypes. Protein was extracted from leaf tissue from the 
same stage as those used in vacuole purification and assayed for total protein using Bradford 
analysis or for acid phosphatase activity using 4-methylumbelliferyl phosphate. Total acid 
phosphatase activity was normalized to total protein revealing no significant differences between 
genotypes. (C) Quantification of vacuolar ribosomal RNA. Ribosomal RNA from WT and 
mutant vacuoles was measured using qPCR, and the results were normalized to acid phosphatase 
activity to account for differences in the amount of vacuoles in each sample. These results are 
expressed relative to the WT average. WT, rns2-2, atg9-4, and rns2-2atg9-4 were analyzed in 
triplicate for five biological replicates. WT, rns2-2, atg5-1, and rns2-2atg5-1 were analyzed in 
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triplicate for three biological replicates. Error bars represent standard error. Similar letters 
indicate no significant difference according to pairwise Student’s two-sided equal variance t-test 
(P>0.05). 
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Figure 9. Model for the role of RNS2 and autophagy in rRNA turnover.  
(A) Under normal conditions RNS2 is present in the vacuole and ribosomes are in the cytoplasm 
with basal autophagy functioning to maintain homeostasis. (B) Mutating rns2-2 results in 
increased activation of autophagy. This results in accumulation of rRNA within the vacuole. This 
may occur either by transfer of intact ribosomes as shown, or via transport of rRNA after 
disassembly of ribosomes (not shown). Some of the autophagosomes may non-specifically 
engulf stress granules and P-body-like structures that contain RNases and contribute to some 
RNA degradation in the vacuole (shown in grey). (C) Disruption of autophagy in atg mutants 
causes accumulation of RNA in the cytoplasm, likely from ribosomes. Some ribosomes may 
enter the vacuole through a microautophagy-like mechanism (shown in grey). (D) rns2-2atg9-4 
mutants have increased accumulation of RNA, and much of the rRNA accumulates in the 
vacuole, possibly by a microautophagy-like mechanism in which ATG9 is not involved. This 
results in some autophagic flux to the vacuole (shown in grey). (E) rns2-2atg5-1 blocks both 
macro- and micro- autophagy mechanisms resulting in total RNA and rRNA accumulation in the 
cytoplasm.  
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Supplemental Figures 
 
 
 
 
Figure S1. GFP-ATG8e-labeled autophagic bodies accumulate in rns2-2 rosette leaf protoplasts.  
Protoplasts were prepared from wild type and rns2-2 rosette leaves, transformed with 30µg GFP-
ATG8e plasmid DNA and incubated overnight. Protoplasts were then treated with either DMSO 
as a solvent control or 1µM concanamycinA (ConA) to block vacuolar degradation, and 
visualized by confocal microscopy. Scale bar = 10µm. 
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Figure S2. Colocalization of GFP-ATG8e and MDC-stained vesicles in rns2-2 35S::GFP-
ATG8e transgenic lines. 
Seedlings of the indicated genotypes were grown for seven days, stained with MDC, and 
visualized by confocal microscopy. Imaging was restricted to the region between the root 
elongation zone and ~1cm beyond the elongation zone. Three separate root images are shown as 
examples. Arrowheads within insets illustrate co-localized puncta (white). Scalebar =20µm and 
=10µm in insets.   
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Figure S3. atg9-4 is defective in autophagy under stress conditions.  
Seven-day-old Arabidopsis seedlings were subjected to salt stress, nitrogen deficiency, or 
sucrose deficiency, stained with 50µM MDC and imaged using fluorescence microscopy. 
Scalebar = 10 µm. 
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Figure S4. The rns2-2atg9-4 double mutant lacks RNS2 activity and ATG9 gene expression.  
(A) Activity gel of RNS2 activity. Total protein extracts from seven-day-old seedlings were 
analyzed using an RNase activity in gel assay. The position of RNS2 is indicated. Double bands 
exist due to glycosylation. Two progeny lines for rns2-2atg9-4 were analyzed. (B) RT-PCR of 
ATG9 expression using 18S rRNA and minus reverse transcriptase as controls. 
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Figure S5. The rns2-2atg5-1 double mutant lacks RNS2 activity and ATG5 gene expression.  
(A) Activity gel of RNS2 activity. Total protein extracts from seven-day-old seedlings were 
analyzed using an RNase activity in gel assay. The position of RNS2 is indicated. (B) RT-PCR 
of ATG5 expression using 18S rRNA as a positive control 
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Figure S6. Percent survival of seedlings grown under sucrose starvation conditions. 
 
WT, rns2-2, atg5-1, and rns2-2atg5-1 seedlings were grown on MS medium lacking sucrose for 
14 days in LD, placed in darkness for 10 days, and recovered in LD for 12 days. 22-43 seedlings 
were used for each genotype, with six biological replicates. Dwarf seedlings that germinated late 
and did not show significant root growth were excluded from quantification. Error bars represent 
standard error. Similar letters indicate no significant difference according to pairwise Student’s 
two-sided equal variance t-test (P>0.05).  
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Figure S7. Increased intravacuolar vesicle accumulation in rns2-2 but not atg9-4 mutants upon 
treatment with concanamycin A.  
Seven-day-old WT, rns2-2, atg9-4, and rns2-2atg9-4 seedlings were treated for 8h in the dark 
with dimethyl sulfoxide (DMSO) as a solvent control or 1µM concanamycinA (ConA) to block 
vacuolar degradation. Roots were visualized using differential interference contrast microscopy 
(DIC). Insets show intravacuolar vesicle accumulation. Scale bar = 20µm and 10µm (insets). 
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Table S1. Primers used in this study. 
 
Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 
At18S rRNA 
(qRT-PCR) 
TCCTGGTCTTAATTGGCCCGG TGGTCGGCATCGTTTATGGT 
 
 
At25S rRNA 
(qRT-PCR) 
ATCGCCAGTTCTGCTTACCA TATGCCTGAGCGGGGTAAG 
 
 
TIP41-like 
(qRT-PCR) 
CCGGCGATTCAGATGGAGACGG TGCTGAGACGGCTTGCTCCTG 
 
 
ATG9 
(genotyping, 
RT-PCR) 
AGCTGCCATATCGGATGAAC CAAGCGGATTTCTTGGAATG 
 
 
 
atg9-4 
(genotyping) 
TGGTTCACGTAGTGGGCCATCG CAAGCGGATTTCTTGGAATG 
 
 
ATG5 
(genotyping) 
ACGTTAGCCACCAACAGATTAA
GCAGTGT 
CAATTCACAGATGGATTGTAACT
GCAGAG 
 
ATG5 (RT-
PCR) 
ATGGCGAAGGAAGCGGTCA TCACCTTTGAGGAGCTTT 
 
 
atg5-1 
(genotyping) 
CAATTCACAGATGGATTGTAAC
TGCAGAG 
GCCTTTTCAGAAATGTATAAATA
GCCTTCGTT 
 
RNS2 
(genotyping) 
CAATCTTTAGTTTCAGTTTCAGG
AATC 
ACAGAGCAGAGGAAATCTAAGA
TACATGA 
 
RNS2 
(cloning) 
ATGGCGTCACGTTTATGTCTTCT
CCTTC 
TCAAAGAGCTTCTCTTTCTGTTGG
CATC 
 
rns2-2 
(genotyping) 
ATATTTGCTAGCTGATAGTGAC
CTTA 
ACAGAGCAGAGGAAATCTAAGA
TACATGA 
 
  
127	  	  
CHAPTER 3 
 
Intracellular retention and vacuole localization are essential for the 
physiological function of RNS2 ribonuclease 
 
3.1 Abstract 
 
RNase T2 ribonucleases are highly conserved enzymes present in the genomes of nearly 
all eukaryotes and some microorganisms. Due to their wide conservation and constitutive 
expression in many organisms, they are proposed to have a housekeeping role in RNA 
homeostasis. The Arabidopsis class II RNase T2, RNS2, is encoded by a single gene and 
functions in rRNA degradation. RNS2 is located within endoplasmic reticulum bodies and the 
vacuole. However, where RNS2 performs its physiological function is not known. Here I report 
that the vacuole is the organelle in which RNS2 functions in RNA degradation. A mutant allele 
of RNS2, rns2-1, was found to have intact ribonuclease activity but to contain a mutation that 
resulted in its mis-localization. RNS2-1 was mislocalized away from the vacuole and secreted 
from the cell. This resulted in a constitutive autophagy phenotype similar to that observed in rns2 
null mutants. These findings illustrate that the intracellular retention of RNS2 and localization 
within the vacuole is important for its biological function. 
 
3.2 Introduction 
 
The degradation of RNA and the maintenance of RNA homeostasis are critical processes  
carried out by the activity of ribonucleases. Many routes exist for the breakdown of RNA in cells 
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(Andersen et al. 2008; Balagopal and Parker 2009; Houseley and Tollervey 2009). The RNase 
T2 family of acidic transferase-type endo-ribonucleases represents a widely distributed and 
conserved class of ribonucleases. RNase T2 member proteins are either secreted or targeted to 
membrane-bound compartments of the secretory pathway such as the endoplasmic reticulum 
(ER), lysosome, or vacuole (Irie 1991; MacIntosh 2011; Luhtala and Parker 2012). RNase T2 
enzymes are found in the genomes of almost all eukaryotic organisms so far analyzed, many 
prokaryotes, and many viruses (Irie 1999; Hillwig et al. 2009; MacIntosh et al. 2010; Hillwig et 
al. 2011; MacIntosh 2011; Andersen and Collins 2012) but with some exceptions (Condon and 
Putzer 2002). The evolutionary conservation of these proteins illustrates their critical role in the 
physiological process of RNA degradation. 
 
In plants, the RNase T2 family has been divided into three classes based on sequence 
homology, expression patterns, and intron structure (Igic and Kohn 2001). Class III enzymes, the 
first of the RNase T2 protein classes to be functionally characterized in plants, are involved in 
self-incompatability mechanisms in the Plantaginaceae, Solanaceae, Scrophulariaceae, and 
Rosaceae families (Hua et al. 2008; MacIntosh 2011; Meng et al. 2011). Class I enzymes are 
highly evolutionarily diversified, tissue specific, and can be regulated by biotic and abiotic stress 
(Bariola et al. 1994; MacIntosh et al. 2010). Class II enzymes are often expressed constitutively 
throughout the organism and are widely conserved (MacIntosh et al. 2001; Henneke et al. 2009; 
Hillwig et al. 2011; Luhtala and Parker 2012). 
 
RNS2 (At2g39780) is the sole class II T2 ribonuclease in Arabidopsis and is believed to 
function in RNA homeostasis (Taylor et al. 1993; Hillwig et al. 2011). RNS2 serves a role in the 
degradation of rRNA within the cell vacuole where it is the major ribonuclease. Knockout 
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mutants of RNS2 have longer lived rRNA, accumulate rRNA in the vacuole, and upregulate 
autophagy under normal growing conditions (Hillwig et al. 2011). The upregulation of 
autophagy is believed to occur as a compensatory mechanism for lost RNS2 activity. 
Furthermore, Arabidopsis RNS2 is not secreted, but is located within the ER and vacuole 
(Hillwig et al. 2011). These findings implicate RNS2 in the turnover of intracellular RNA in 
Arabidopsis. Similar roles have been proposed for RNS2 homologues in human, zebrafish, and 
yeast (Henneke et al. 2009; Haud et al. 2011; Huang et al. 2015). However, it is unclear if the 
dual localization of RNS2 to the ER and vacuole is necessary for its biological function in the 
cell, or where it has catalytic activity. Interestingly, unlike other T2 RNases, RNS2 is not an 
acidic RNase, and has a pH optimum near 7.5 (Hillwig et al. 2011). This suggests that RNS2 
may be more suited to function in the ER than the vacuole. It is also possible that high quantities 
of RNS2 protein in the vacuole can compensate for reduced catalytic activity at low pH. 
 
Here I report on the importance of the sub-cellular localization of RNS2 using a 
mislocalized, catalytically active mutant allele of RNS2, rns2-1. Unlike the RNS2 null mutant, 
rns2-2, the RNS2-1 protein retains RNase activity. However, rns2-1 plants show the same 
increased autophagy phenotype as seen in rns2-2 null mutants. Sequence and localization 
analysis of RNS2-1 showed that the protein has reduced vacuolar localization and is secreted 
from the cell. These findings illustrate that the intracellular retention of RNS2 and localization 
within the vacuole is important for its biological function. 
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3.3 Results 
 
3.3.1 rns2-1 contains a non-sense mutation  
The rns2-1 (SAIL_872_B10) and rns2-2 (SALK_069588) Arabidopsis T-DNA insertion 
mutants are both intron insertions (Fig 1A). The rns2-2 insertion mutates the RNS2 protein 
before the second conserved active site motif, eliminating its ribonuclease activity (Hillwig et al. 
2011). The rns2-1 insertion is just upstream of the C-terminus of the protein, which contains a 
putative endoplasmic reticulum (ER)-retention signal (-REAL) or vacuolar targeting signal 
(Hillwig et al. 2011). To investigate the effect of the T-DNA insertion on rns2-1, we amplified 
the 3’-end of the rns2-1 cDNA using 3’-rapid amplification of cDNA ends and an internal RNS2 
primer upstream of the insertion site (Table S1). After sequencing, the 3’-terminal region of 
rns2-1 was found to contain a mispriming mutation with two amino acid changes, D244G and 
G245K, followed by a premature stop codon (Fig 1B). This eliminated the last 14 amino acids, 
including the putative ER retention and/or vacuolar targeting signals, suggesting that the RNS2-1 
protein may be mislocalized. 
 
3.3.2 RNS2-1 is catalytically active 
The rns2-2 null mutant lacks ribonuclease activity. This, either directly or indirectly, 
leads to the activation of autophagy as a compensatory mechanism of RNA turnover (Hillwig et 
al. 2011). We investigated whether rns2-1 was also null for RNS2 ribonuclease activity. RNS2 
activity was analyzed by an in-gel ribonuclease activity assay using high-molecular weight torula 
yeast RNA as substrate (Yen and Green 1991; Hillwig et al. 2011). rns2-1 was found to have 
functional RNS2 ribonuclease activity similar to wild type while rns2-2 negative control showed 
no RNS2 activity (Fig 2). However, the mobility of the RNS2-1 protein in the gel was slightly 
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different from wildtype RNS2. RNS2-1 showed a narrower band area and fewer protein species 
than wild type RNS2 (as indicated by brackets). This may be a result of different post-
translational modification. It is known that RNS2 is glycosylated (Hillwig et al. 2011; MacIntosh 
2011). Different levels of glycosylation during synthesis of RNS2 results in multiple or wider 
bands on an activity gel that represent RNS2 activity (Taylor et al. 1993; Hillwig et al. 2011). 
This may indicate that although catalytically active, RNS2-1 may be mislocalized away from the 
machinery responsible for normal post-translational modification, or that the T-DNA insertion 
mutation eliminated modification sites. 
 
3.3.3 rns2-1 has the same constitutive autophagy phenotype as rns2-2  
The RNS2 null mutant, rns2-2, has increased basal autophagy under normal conditions 
(Hillwig et al. 2011). Autophagy has been proposed to serve as a mechanism of rRNA and 
ribosome turnover in the cell (Kraft et al. 2008; Hillwig et al. 2011). To investigate whether 
plants containing the rns2-1 mutant allele showed a similar phenotype, Arabidopsis seedlings 
were stained with monodansylcadaverine (MDC) to visualize autophagosomes and seedling roots 
imaged by fluorescence microscopy. Similar to rns2-2, rns2-1 showed an increase in MDC-
stained autophagosomes compared to wild-type (WT) (Fig 3). To test the dependence of the 
rns2-1 increased autophagy phenotype on known autophagy genes, I genetically blocked 
autophagy by crossing rns2-1 to the autophagy mutant atg9-4 (CS859902) to generate an rns2-
1atg9-4 double mutant. ATG9 (At2g31260) is a transmembrane protein involved in autophagy, 
probably in trafficking membrane lipid to newly forming autophagosomes, and is required for 
autophagosome formation (Noda et al. 2000; Webber and Tooze 2010; Yamamoto et al. 2012). 
The rns2-1atg9-4 mutant lines also had RNS2 ribonuclease activity similar to wild type (Fig 2). 
The double mutant lines lacked ATG9 gene expression as expected (Fig S1). rns2-1atg9-4 lines 
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had few MDC-stained puncta, indicating that the observed fluorescent puncta in rns2-1 are likely 
to be autophagosomes created by known autophagy genes. 
 
The increased autophagy phenotype seen in rns2-1 may either be the result of increased 
autophagosome formation or decreased autophagosome turnover. To differentiate from these two 
possibilities, seedlings were treated with either 1µM concanamycin A (conA) or DMSO as a 
solvent control for 8 hours in liquid MS medium in darkness . ConA treatment results in 
intravacuolar accumulation of vesicles trafficked to the vacuole through inhibition of V-type 
ATPases. This subsequently raises vacuolar pH, which reduces hydrolytic enzyme activity and 
blocks hydrolase delivery to the vacuole (Drose et al. 1993; Dettmer et al. 2006). Vesicles 
trafficked to the vacuole will accumulate in the presence of ConA. Differential interference 
contrast microscopy (DIC) was used to visualize vesicle accumulation in the vacuoles of WT, 
rns2-1, atg9-4, and rns2-1atg9-4 seedlings. Autophagosomes, along with other vesicles, appear 
as raised-puncta in DIC images. Although DIC is not specific for autophagosomes it is a useful 
method to discern between the two possibilities of increased vesicle formation or decreased 
vesicle degradation. In the presence of conA, rns2-1 seedlings accumulated more vesicles than 
WT, with vesicles in WT likely resulting from basal autophagy and endocytosis (Fig S2). 
Vesicle accumulation was eliminated in atg9-4 and rns2-1atg9-4 lines, further supporting the 
hypothesis that the increased vesicle accumulation in rns2-1 results from autophagy. 
Furthermore, WT, rns2-1, atg9-4, and rns2-1atg9-4 lines all lacked vesicle accumulation upon 
treatment with DMSO solvent control (Fig S2) suggesting that vesicle turnover is not affected 
and that vesicle accumulation is the result of increased formation. These phenotypes are 
equivalent to those seen in the rns2-2 null mutant . However, the autophagy phenotype in rns2-2 
was the result of a knockout mutation. Since rns2-1 is not a null mutation and retains RNS2 
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catalytic activity, we investigated whether the RNS2-1 protein is mislocalized, as an explanation 
for the mutant phenotype. 
 
3.3.4 RNS2-1 shows reduced localization to the vacuole 
RNS2 localizes to both the ER and vacuole, but is not an acidic RNase, showing its 
highest catalytic activity near pH 7.5 (Hillwig et al. 2011). It is unclear whether RNS2’s catalytic 
function as an RNase is required in both compartments or in the vacuole alone. It has been 
proposed that RNS2 functions in the vacuole to degrade RNA. RNS2 is present in wildtype 
vacuoles (Carter et al. 2004; Hillwig et al. 2011). In the absence of RNS2, rRNA accumulates to 
6-fold higher levels within the vacuole compared to wildtype (Hillwig et al. 2011). While C-
terminal vacuolar sorting signals can direct proteins to the vacuole (Neuhaus et al. 1991; 
Saalbach et al. 1996), they share little homology in sequence or size, making their computational 
identification difficult. However, they share some common features, including often being rich in 
hydrophobic amino acids and the need to be exposed on the protein surface to function (Pereira 
et al. 2014). Mislocalization of RNS2-1 away from the vacuole may help explain the observed 
autophagy phenotype in rns2-1.  
 
We investigated whether RNS2-1 protein is present in the vacuole by designing an in 
vitro RNA degradation assay using purified vacuoles (Fig 4A). WT, rns2-1, and rns2-2 vacuoles 
were purified, lysed by freezing, and incubated with 5µg Arabidopsis total RNA. If ribonuclease 
activity was present in the sample, we expected RNA degradation to occur. Following 
incubation, RNA was collected from the samples and RNA degradation quantified using a 
Bioanalyzer.  
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RNS2 is also localized in the ER. To confirm that vacuoles can be purified without 
significant ER-localized RNS2, we tested purified vacuoles for ER contamination. Ponceau 
staining shows total protein profiles transferred to nitrocellulose prior to probing with antibodies 
(Fig S3A). We performed immunoblotting of total cellular protein and purified vacuole protein 
using antibodies against the ER lumenal protein BiP and the vacuole lumenal protein aleurain. 
ER contamination of purified vacuoles was only occasionally found (Fig S3B) indicating our 
vacuole purification was mostly devoid of ER-derived contaminants.  
 
WT vacuoles were used as a positive control since they contained RNS2 ribonuclease and 
therefore would be expected to degrade the added RNA. rns2-2 vacuoles and RNA alone were 
both used as negative controls since RNS2 activity is missing, and also controlled for 
ribonucleases, other than RNS2, present in the vacuole lysate. We hypothesized that if RNS2-1 
protein was present in the vacuole, then RNA degradation would occur to a similar extent as in 
WT samples. Alternatively, if RNS2-1 was not vacuole-localized, then RNA degradation would 
resemble that of rns2-2. rns2-1 vacuoles showed a similar amount of RNA degradation as rns2-2 
mutants indicating that RNS2-1 protein has reduced localization to the vacuole (Fig 4B). The 
observed minimal amount of RNA degradation occurring in rns2-2 vacuoles is likely the result 
of ribonucleases other than RNS2 that are present either in the vacuole or contamination from the 
cytoplasm during vacuole purification. 
 
Partial localization of RNS2-1 protein to the vacuole may occur. However, if partial 
localization occurs, it is not enough to block the increased autophagy phenotype we observed in 
rns2-1. These findings demonstrate that a vacuolar localization signal exists in the last 16 amino 
acids of the RNS2 C-terminus, and that rns2-1 has reduced vacuolar localization. Furthermore, 
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the loss of RNS2 activity in the vacuole of rns2-1 plants may be related to the increased 
autophagy phenotype similar to what was observed in rns2-2 (Hillwig et al. 2011). 
 
3.3.5 RNS2-1 is exported from the cell 
RNS2 contains an N-terminal signal peptide that targets it into the endoplasmic reticulum 
(Taylor et al. 1993; Hillwig et al. 2011). Proteins thus targeted to the secretory pathway are 
secreted from the cell unless they harbor an organelle retention or localization signal (Vitale and 
Denecke 1999). We have shown that the C-terminal mutation present in rns2-1 results in reduced 
vacuole localization, The C-terminus of RNS2 also contains a potential ER retention signal, -
REAL, that has weak, but possible similarity to other known ER-retention signals (Hillwig et al. 
2011). The C-terminal –REAL peptide is missing in rns2-1 (Fig 1A). To investigate if RNS2-1 is 
secreted from the cell, a FLAG epitope tag was inserted between the N-terminal RNS2 signal 
peptide and mature RNS2 and RNS2-1 proteins (Einhauer and Jungbauer 2001) (Fig 5A). These 
constructs were transiently expressed in WT leaf protoplasts. After 44 hours incubation, samples 
were fractionated into cell and media fractions and immunoblotted using FLAG antibodies. 
RNS2 remained in the cellular fraction as expected, while RNS2-1 was exported out of the cell 
(Fig 5B). To ensure that proteins in the medium fraction were not released by cell breakage, 
samples were probed using an antibody against the vacuolar protease aleurain, which was only 
found in cellular fractions (Fig 5B). This indicates that disruption of the C-terminus of RNS2 
results in secretion of the protein and mislocalization away from the vacuole, which likely causes 
the same increased autophagy phenotype as observed in the rns2-2 null mutant.  
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3.4 Discussion 
 
Diverse arrays of ribonuclease enzymes are found in and around cells, and function to 
degrade RNA by exonuclease or endonuclease activity. RNase T2 ribonucleases represent a set 
of ribonucleases that are both associated with the secretory pathway and secreted, or localized 
intracellularly within the vacuole or lysosome (MacIntosh 2011). Cellular regions that are not 
typically associated with RNA. However, RNA degradation within the vacuole and apoplast of 
plants can be carried out by RNase T2 enzymes. Similar 2’-3’-cyclizing RNase groups, RNaseT1 
and RNaseA, are found only in fungal, bacterial, and animal species (Yoshida 2001; Dyer and 
Rosenberg 2006; MacIntosh 2011). However, the RNase T2 family of ribonucleases represents 
the most widely distributed of these RNases and is conserved in the majority of genomes 
analyzed (Luhtala and Parker 2010). The Arabidopsis genome contains five RNase T2 genes. 
RNS1, RNS2, RNS3, RNS4, and RNS5 (Taylor and Green 1991; Igic and Kohn 2001). RNS2 is the 
only T2 ribonuclease constitutively expressed in all tissues and developmental stages tested in 
Arabidopsis, suggesting it may serve an important housekeeping role (Taylor et al. 1993; Hillwig 
et al. 2011).  
 
This study shows that the retention of RNS2 within the cell, and localization to the 
vacuole is necessary for normal RNA homeostasis in Arabidopsis. Mis-localization of RNS2 
away from either the ER or vacuole results in a null-mutant-like phenotype of constitutive 
autophagy as observed in null rns2-2 mutants . We have previously shown that autophagy is 
upregulated in rns2-2 as a compensatory mechanism of RNA decay, and that genetically 
blocking autophagy results in stunted development and loss of rRNA accumulation in the 
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vacuole . Although we did not assess RNA accumulation in the rns2-1 mutant, we would expect 
similar findings since we found RNS2-1 had a reduced localization to the vacuole lumen.  
 
It is unclear what pathway RNS2 uses to move from the ER to the vacuole where it 
functions in the degradation of RNA. Several pathways have been described for the transport of 
soluble proteins inserted into the ER to reach lytic vacuoles in plants (Pereira et al. 2014). The 
classical transport pathway uses the Golgi apparatus as an intermediate compartment between the 
ER and vacuole. After leaving the Golgi, vesicles may move directly to the vacuole, or form an 
intermediate pre-vacuolar compartment prior to fusion with the vacuole (Jurgens 2004; Pereira et 
al. 2014). Soluble proteins, containing a localization signal recognized by vacuole sorting 
receptors, undergo this type of vacuole transport (Kang and Hwang 2014). ER to vacuole protein 
transport can also occur in a Golgi-independent manner (De Marchis et al. 2013). Autophagy is 
one pathway implicated in this process. Soluble ER proteins and ER-derived protein aggregates 
can form small ER-derived bodies. These bodies may fuse directly with the tonoplast or 
associate with the autophagy system to be transported to the vacuole for use or storage rather 
than degradation (Herman and Schmidt 2004; Tamura et al. 2004; Poustka et al. 2007; Herman 
2008; Honig et al. 2012; De Marchis et al. 2013; Michaeli et al. 2014).  
 
 Cell fractionation studies and tagging of RNS2 protein with cyan fluorescent protein 
showed RNS2 is localized to both the ER and vacuole (Hillwig et al. 2011). We speculate that 
RNS2 is transported to the vacuole through the endoplasmic reticulum and Golgi since RNS2 is 
a highly glycosylated protein and contains an ER-N-terminal signal sequence (Deshpande and 
Shankar 2002; Hillwig et al. 2011; MacIntosh 2011). The Saccharomyces cerevisiae RNS2 
ortholog, Rny1p, is both excreted from the cell and localized to the vacuole through COPII 
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vesicles and the Golgi apparatus (Shcherbik 2013). Similar to rns2-1, the C-terminal region of 
Rny1p is not required for its catalytic activity (Luhtala and Parker 2012). However, the 
localization of Rny1p is controlled by glycosylation (Shcherbik 2013), while RNS2’s 
localization is determined by its C-terminus. Removal/mutation of the last 16 amino acids from 
RNS2’s C-terminus results in localization away from the vacuole and secretion. Further 
glycosylation of Rny1p in the Golgi results in its secretion. Failure of the Golgi-mediated 
glycosylation results in Rny1p being localized to the vacuole (Shcherbik 2013). Rny1p is the 
only T2 ribonuclease in yeast, which may explain its dual localization nature since it performs 
the functions of many T2 ribonucleases in other organisms (MacIntosh et al. 2001). A detailed 
analysis of RNS2 glycosylation would need to be performed to address the involvement of the 
Golgi in RNS2 vacuole localization.  
 
The transport of RNS2 to the vacuole via autophagy seems unlikely, but cannot be ruled 
out by current studies (Hillwig et al. 2011). RNS2 activity analysis from purified atg mutant 
vacuole extracts could address this question. Even if autophagy is not involved in trafficking 
RNS2, one reason RNS2 might undergo Golgi-independent transport would be for a more rapid 
mobilization of the protein to the vacuole during stress or when the turnover or RNA is in high 
demand. RNS2 may have some basal level of localization in the vacuole, but be mostly stored in 
ER-bodies. ER bodies in Arabidopsis are spindle shaped, surrounded by ribosomes, and 
physiologically inert (Chrispeels and Herman 2000; Herman and Schmidt 2004). ER-bodies 
allow for the intracellular, compartmentalized accumulation of proteins (Matsushima et al. 
2003), and can also be used as an alternative trafficking pathway to the vacuole by autophagy 
(Herman and Schmidt 2004). Arabidopsis RNS2 is upregulated during phosphate starvation 
stress (Taylor et al. 1993), but stores of RNS2 may exist in ER-bodies. When needed, ER-body 
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reserves of RNS2 could be quickly mobilized to the vacuole. Although RNS2 activity is low at 
vacuolar pH, a high quantity of RNS2 in the vacuole may overcome this (Hillwig et al. 2011). 
 
It is difficult to discern, from the above experiments, whether ER-retention alone or 
vacuole localization alone is required for RNS2’s physiological function. Given that RNS2 is 
normally targeted to the secretory pathway, and RNA is known to accumulate in the vacuole, it is 
likely that the vacuole localization is most essential and that ER-retention may be a storage 
mechanism. Our findings not only demonstrate that RNS2 vacuole localization is necessary for 
its catalytic function, but intracellular retention is required for localization to the vacuole. 
 
3.5 Methods 
 
Plant growth and Arabidopsis thaliana genotypes 
Arabidopsis thaliana Columbia-0 accession was used as the wild-type control. T-DNA 
insertion mutants used in this study were rns2-2 (SALK_069588), rns2-1 (CS877567), and atg9-
4 (CS859902). Crossing of rns2-1 with atg9-4 was done according to Weigel and Glazebrook 
(Weigel and Glazebrook 2002). Genomic DNA from F1 and F2 progeny was analyzed by PCR 
using the primers listed in table S1 to identify rns2-1atg9-4 homozygous double mutant lines. 
Plants used for extraction of rosette leaf protoplasts, vacuoles, and RNA were grown in soil 
under short day (SD) conditions (10hr light/14hr dark) at 22°C for six weeks and used until early 
bolting. For microscopy and RNase activity studies, seeds were surface sterilized in 33% (v/v) 
bleach, 1% Triton X-100 for 20min followed by cold treatment for ≥2 days. Plants were grown 
for seven days under long day (LD) conditions (16hr light/8hr dark) at 22°C on nutrient solid 
half-strength Murashige-Skoog medium with vitamins (MS)(MSP09; Caisson Labs), 1% 
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sucrose, 2.4mM MES (pH5.7), and 0.8% (w/v) phytoagar (PTP01; Caisson Labs) as described 
(Liu et al. 2012). 
 
RT-PCR and ribonuclease activity analysis 
RNA was extracted from seven-day-old seedlings using Trizol reagent (15596018; 
Invitrogen) and treated with DNase I (18068015; Invitrogen). cDNA was synthesized using 
SuperScript III reverse transcriptase (18080093; Invitrogen) and oligo dT primer (C1101; 
Promega). RT-PCR was completed for 28 cycles using the primers listed in table S1. 
Ribonuclease activity assays were performed as previously described using purified high-
molecular weight torula yeast RNA (R-6625; Sigma) as substrate (Yen and Green 1991; Hillwig 
et al. 2011). 
 
Cloning and FLAG-RNS2/RNS2-1 construct development 
Amplification of rns2-1 cDNA was done using a 3’-Rapid Amplification of cDNA Ends 
(RACE) system (18373-019; Invitrogen) with an internal RNS2 primer between nucleotides 321-
350 (Table S1). FLAG-containing constructs were assembled using the Clontech In-Fusion HD 
cloning plus kit (638909; Clontech). The RNS2 N-terminal signal peptide was predicted by 
SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/)(19 amino acids) and by Taylor et 
al.(Taylor et al. 1993) and primers designed. An additional glycine was placed between amino 
acids 19 and 20 prior to the FLAG tag to aid in proper signal peptide cleavage without disruption 
of the FLAG tag. The additional glycine and FLAG nucleotide sequence was engineered into 
primers used to PCR amplify the RNS2 signal peptide and remaining RNS2 protein after the N-
terminal signal peptide (Table S1). The RNS2-1 FLAG construct used the same method but with 
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a primer containing the rns2-1 mispriming mutation in the C-terminus to recreate the rns2-1 
mutation upon amplification from WT cDNA. 
 
Staining and microscopy 
Monodansylcadaverine (MDC) staining was performed on seven-day-old seedlings using 
50µM MDC (30432; Sigma) in phosphate buffered saline pH 7.4 according to Contento et al 
(Contento et al. 2005). Fluorescence and differential interference contrast microscopy was done 
using a Zeiss Axio Imager A2 upright fluorescent microscope (Carl Zeiss Inc.) Confocal 
microscopy was performed using a Leica (Leica Microsystems) SP5 X MP confocal multiphoton 
microscope and HPX PL APO CS 63.0x1.40 oil objective. Confocal microscopy of MDC 
staining used an excitation/emission of 405nm/430-550nm. 
 
Protoplast transient transformation and western blotting 
Wild-type Arabidopsis rosette leaf protoplasts were prepared and transformed according 
to Sheen (Sheen 2002). Plasmid DNA was prepared using a GeneElute HP plasmid maxiprep kit 
(NA0310; Sigma). 30µg of FLAG-RNS2 or FLAG-RNS2-1 plasmid DNA was used for each 
transformation. Following incubation for 44 hours, the protoplasts were spun at 68xg for 5 min, 
twice, with a 180o tube rotation after the first spin. 1.5mL of medium was aliquotted to a fresh 
tube and saved for protein studies. Extra medium was discarded from the cell fraction. Protein 
was precipitated using trichloroacetic acid and washed with acetone (Sanchez 2001). Cell and 
media fractions were dissolved in 50µl and 30µl 2x SDS loading buffer (4% sodium dodecyl 
sulfate, 20% glycerol, 125mM Tris-HCl pH6.8) respectively, and subjected to SDS-
polyacrylamide gel electrophoresis and western blotting using an anti-FLAG antibody (F1804; 
Sigma). 
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Vacuole preparation and bioanalyzer analysis 
Vacuoles were purified from WT, rns2-2, and rns2-1 rosette leaves grown under SD 
conditions. Total Arabidopsis RNA was prepared using a Qiagen RNeasy plant mini kit (74904; 
Qiagen) and DNase treated using a Qiagen on column DNaseI kit (79254; Qiagen). Purified 
vacuoles were flash frozen in liquid nitrogen to induce membrane lysis. After thawing, 5µg total 
Arabidopsis RNA was incubated with the lysate for 20 minutes on ice and flash frozen again in 
liquid nitrogen. RNA was extracted from the samples using a Qiagen RNeasy kit as above with a 
30µl elution volume. Samples were then diluted 50% and RNA analyzed using a 2100 
Bioanalyzer (Agilent Technologies) and RNA nano chip (5067-1511; Agilent Technologies). 
Total RNA was quantified using the sample chromatograms and included bioanalyzer software 
with 200 nucleotides being set as the minimum quantifiable size.  
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3.8 Figures and tables 
 
 
Fig 1- RNS2-1 contains a non-sense mutation. (A) genomic schematic of rns2-1 and rns2-2 T-
DNA insertion sites. Introns (lines), exons (boxes), start (arrow), and stop (*) are indicated. (B) 
Partial protein sequence of RNS2 and RNS2-1 C-terminal ends. Conserved sequence is 
highlighted in gray. The putative endoplasmic reticulum retention signal is underlined, (*) 
indicates a stop codon. 
 
 
Fig 2- Activity gel of RNS2 and RNS2-1 activity. Total protein extracts from seven-day-old 
seedlings were analyzed using an RNase activity in gel assay. The position of RNS2 and RNS2-1 
is indicated. Activity gel analysis was performed with the assistance of Stephanie Morriss 
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Fig 3- rns2-1 has constitutive autophagy that is eliminated in the atg9-4 background. Seven-day-
old WT, rns2-1, atg9-4, and rns2-1atg9-4 Arabidopsis seedling roots were stained with 50µM 
MDC and imaged using confocal microscopy. DIC indicates differential interference contrast 
microscopy. Scalebar =25µm. 
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Fig 4- RNS2-1 shows reduced vacuole localization. (A) Experimental design schematic. 
Vacuoles were prepared from WT, rns2-1, and rns2-2 plants (B) Quantification of RNA 
abundance using bioanalyzer chromatograms with a minimum setting of 200 nucleotides. These 
results are expressed relative to the RNA alone average with each sample analyzed in triplicate 
for three biological replicates. Error bars represent standard error. Similar letters indicate no 
significant difference according to pairwise Student’s two-sided t-test (P>0.05). This analysis 
was performed by Yosia Mugume with assistance. 
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Fig 5- FLAG-RNS2-1 is exported from the cell (A) FLAG-tagged RNS2 construct design. 
FLAG was engineered into the RNS2 peptide after the signal peptide. (*) indicates position of 
stop codon. The RNS2-1 construct is a truncated version of RNS2 recreated using the sequence 
from Fig 1. (B) Western blot of FLAG-RNS2 following transient transformation into WT rosette 
leaf protoplasts incubated for 44 hours. Proteins were fractionated into cell (Cell) and medium 
(Med.) fractions. Representative of four biological replicates. 
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Supplemental Figures 
 
Fig S1- RT-PCR of ATG9 expression in WT, rns2-1, rns2-2, atg9-4, and rns2-1atg9-4 seven-
day-old seedlings. Arabidopsis 18S rRNA was used as a positive control. (-RT) represents a 
negative control sample lacking reverse transcriptase. 
 
 
Fig S2- Increased intravacuolar vesicle accumulation in rns2-1 but not atg9-4 mutants upon 
treatment with concanamycin A (conA). Seven-day-old WT, rns2-1, atg9-4, and rns2-1atg9-4 
seedlings were treated for 8h in liquid MS medium in the dark with dimethyl sulfoxide (DMSO) 
as a solvent control or 1µM conA to block vacuolar degradation. Roots were visualized using 
differential interference contrast microscopy (DIC). Insets show intravacuolar vesicle 
accumulation. Scalebar = 20µm. 
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Fig S3- Purified vacuoles are free of endoplasmic reticulum. (A) SDS-PAGE of total protein (T) 
and purified vacuole protein (V) from WT, rns2-2, and rns2-1 transferred to nitrocellulose 
membrane and stained with Ponceau S. (B) Western blot of total (T) and vacuole (V) protein 
from WT, rns2-2, and rns2-1 genotypes using antibodies against the endoplasmic reticulum 
luminal protein BiP and the vacuole-localized protease aleurain. Multiple aleurain bands 
represent processed and unprocessed forms. 
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Supp Table 1- Primers used in this study 
Gene Forward Primer (5’ -3’) Reverse Primer (5’-3’) 
RNS2 (recombinant 
cloning)  
GATTATAAGGATGACGACGA
TAAGGACGTCATCGAACTCAA
TCGATCTCAGAG 
GCTCGGTACCGTCGATCA
AAGAGCTTCTCTTTCTGTT
GGCATG 
 
RNS2-1 (recombinant 
cloning) 
GATTATAAGGATGACGACGA
TAAGGACGTCATCGAACTCAA
TCGATCTCAGAG 
GCTCGGTACCGTCGATTAC
TTACCTAATGGCGTGTATT
CCGGC 
 
RNS2 FLAG signal 
peptide (recombinant 
cloning) 
ACTCTAGATCTGCAGATGGCG
TCACGTTTATGTCTTCTCCTTC 
 
GTCATCCTTATAATCTCCG
GCAAATGCTCCGGCGATA
CA 
RNS2-1 (cDNA cloning) GCCTAGTCTCAGTTGTGGTTC
TCCATCATC 
GGCCACGCGTCGACTAGT
AC (Abridged universal 
amplification primer AUAP 
from Invitrogen 3’-RACE PCR 
Kit) 
 
RNS2 (genotyping) GTTCGATTATTTCGCTCTATCT
CTTCAAT 
TCTTCTTATGGATTTTCTG
ATCTTCTACA 
 
rns2-1 (genotyping) TAGCATCTGAATTTCATAACC
AATCTCGATACAC 
TCTTCTTATGGATTTTCTG
ATCTTCTACA 
 
rns2-2 (genotyping) ATATTTGCTAGCTGATAGTGA
CCTTA 
ACAGAGCAGAGGAAATCT
AAGATACATGA 
 
ATG9 (genotyping, RT-
PCR) 
AGCTGCCATATCGGATGAAC CAAGCGGATTTCTTGGAA
TG 
 
atg9-4 (genotyping, RT-
PCR) 
TGGTTCACGTAGTGGGCCATC
G 
CAAGCGGATTTCTTGGAA
TG 
 
At 18S rRNA (RT-PCR) TCCTGGTCTTAATTGGCCCGG TGGTCGGCATCGTTTATGG
T 
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CHAPTER 4 
 
Transmembrane transport of RNA into Arabidopsis thaliana vacuoles in vitro  
 
4.1 Abstract 
 
Multiple mechanisms of RNA degradation within eukaryotic cells have been 
characterized. Recent findings in mammals show that RNA can be directly transported across the 
lysosomal membrane in an ATP-dependent manner and degraded. This process relies on the 
lysosomal membrane protein LAMP2C. Here, I report on a similar RNA transport process in 
Arabidopsis vacuoles that functions independent of a LAMP2C Arabidopsis homolog. Purified 
Arabidopsis vacuoles accumulated RNA via a process involving ATP-hydrolysis. I investigated 
two protein candidates for their involvement in RNA transport. A DEVH-box RNA helicase 
mutant showed reduced RNA transport and a constitutive autophagy phenotype, which may 
implicate it as a contributing protein to trans-membrane RNA transport in plants. These findings 
suggest that RNA transport directly into the vacuole independent of a macroautophagy pathway 
and LAMP2C can occur in plants. Although its physiological significance remains to be 
elucidated. 
 
4.2 Introduction 
 
The degradation and turnover of RNA is a ubiquitous and essential process in cells used 
to regulate gene expression, promote proper growth and development, maintain homeostasis, and 
respond to environmental cues. The physiological importance and mechanistic insights of RNA 
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turnover has been studied extensively in both prokaryotes and eukaryotes (Deutscher 2006; 
Barrangou et al. 2007; Buchan and Parker 2009; Cooper et al. 2009; Huang et al. 2011; Xu and 
Chua 2011; Decker and Parker 2012; Germain et al. 2012; Schoenberg and Maquat 2012; Kelly 
and Bedwell 2015). The loss of functional RNA turnover machinery eliminates a post-
transcriptional layer of gene regulation and can also lead to mis-regulated expression and 
accumulation of aberrant transcripts and peptides. This can result in significant and sometimes 
lethal physiological defects. A number of diseases are reportedly linked to a loss of protein and 
RNA quality control mechanisms, including some neurodegenerative disorders, some cancers, 
and other age related conditions (Cooper et al. 2009; Henneke et al. 2009; Haud et al. 2011; 
Buchan et al. 2013; Gray and Woulfe 2013; Ling et al. 2013). Studies in C. elegans indicate that 
the RNA degradation machinery is required for endoplasmic reticulum (ER) homeostasis, normal 
development, and cell survival during ER stress. RNA surveillance machinery helps to minimize 
ER stress by removing aberrant transcripts before peptides can be synthesized (Sakaki et al. 
2012). In plants, the loss of some ribonucleases involved in RNA degradation also results in 
severe or lethal phenotypes (Xu and Chua 2011; Germain et al. 2012).  
 
The degradation of multiple forms of RNA (rRNA, mRNA, tRNA…) can be carried out 
by general ribonucleases, processing bodies (P-bodies), the exosome complex, and autophagy 
(Deshpande and Shankar 2002; Lejeune et al. 2003; Houseley et al. 2006; Kraft et al. 2008; 
Buchan and Parker 2009; Houseley and Tollervey 2009; Decker and Parker 2012; Buchan et al. 
2013; Huang et al. 2015; Kelly and Bedwell 2015). P-bodies are transient structures in the 
cytoplasm that contain RNA processing machinery such as mRNA decapping enzymes and 
ribonucleases. They form as transcripts flux between being actively translated or degraded and 
serve as a site of degradation (Eulalio et al. 2007). Stress granules act as an intermediate state 
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between polysomes and P-bodies and commonly form during stress as a method to reduce 
translation by storing, but not degrading, transcripts (Buchan et al. 2013).  
 
The exosome complex functions either as part of P-bodies or free in the cytoplasm. 
Exosomes are also located in the nucleus where they monitor proper ribosome assembly as well 
as mRNA, tRNA, rRNA, and small nuclear RNA (snRNA) synthesis (Houseley et al. 2006). 
Various RNA binding proteins are found in exosomes but their main catalytic components are 
3’-5’ exonucleases (Houseley et al. 2006; Lykke-Andersen et al. 2011). Polyadenylation of RNA 
serves as a signal for degradation by the exosome (LaCava et al. 2005; Houseley et al. 2006). 
Although paradoxical, polyadenylation can result in either RNA stabilization and is an essential 
part of mRNA biosynthesis, or can be used as a degradation signal in prokaryotes and several 
studied eukaryotes (Lange et al. 2009). Polyadenylation during mRNA biosynthesis vs. RNA 
degradation is mediated by the enzymes that add the poly-A tails conferring some biochemical 
difference. Nonsense-mediated decay (NMD), non-stop decay (NSD), and no-go decay (NGD) 
of mRNAs all occur via the exosome complex (Houseley et al. 2006).  
 
Autophagy (meaning self-eating) is a vesicle based trafficking pathway to either the 
vacuole or lysosome in eukaryotes, and serves as a method for the bulk degradation of cellular 
contents, including RNA (Yorimitsu and Klionsky 2005; Eskelinen and Saftig 2009; Li and 
Vierstra 2012; Liu and Bassham 2012; Huang et al. 2015). Multiple forms of autophagy have 
been described, including macroautophagy, microautophagy, selective autophagy, and 
chaperone-mediated autophagy (CMA) (Dice 2007; Kraft et al. 2009; Mehrpour et al. 2010; 
Orenstein and Cuervo 2010; Floyd et al. 2012; Li et al. 2012; Reggiori et al. 2012). 
Macroautophagy and microautophagy use autophagic vesicles to traffic their cargo to the 
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lysosome or vacuole, while CMA selectively transports proteins containing a KFERQ motif 
directly across the lysosomal or vacuole membrane and requires protein chaperones, protein 
unfolding, and ATP (Dice et al. 1986; Dice 1990). Autophagy operates at a basal level in the 
cell, and is upregulated during certain developmental stages and environmental stresses (Kamada 
et al. 2004; Slavikova et al. 2005; Yano et al. 2007; Li and Vierstra 2012; Liu and Bassham 
2012). In some cases, the disruption of ribonucleases and related RNA degradation machinery 
results in an upregulation of autophagy, possibly as a compensatory mechanism of compromised 
RNA decay pathways (Tanaka et al. 2000; Hillwig et al. 2011; Buchan et al. 2013). Autophagy 
can also selectively target ribosomes and non-selectively target bulk RNA for degradation during 
nitrogen starvation in yeast (Kraft et al. 2008; Huang et al. 2015). 
 
Recently, a novel autophagy mechanism for the transport and degradation of RNA was 
described in mammals. Termed RNautophagy, this autophagic process involves the direct 
transmembrane transport of RNA into the lysosome using the LAMP2C protein transporter 
(Fujiwara et al. 2013a). A similar process was also reported for the transport of DNA into 
lysosomes in mammals (Fujiwara et al. 2013b). LAMP2C is one of three splice variants of the 
LAMP2 lysosomal membrane protein. Each splice variant contains similar luminal regions but 
variable cytosolic sequences (Hatem et al. 1995; Eskelinen et al. 2005). The LAMP2A splice 
variant serves as a receptor for CMA, whereby certain cytoplasmic proteins are selectively 
delivered to LAMP2A by protein chaperones for ATP-dependent translocation into the 
lysosomal lumen and degradation (Cuervo and Dice 1996). RNautophagy performed by the 
LAMP2C protein is also an ATP-dependent process, but does not rely on protein chaperones, 
suggesting it is a non-selective CMA-like process (Fujiwara et al. 2013a). Interestingly, 
disrupting the LAMP2 gene in mice results in increased autophagy and disease, suggesting that 
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LAMP2 is important for maintaining cell homeostasis (Tanaka et al. 2000). The cytosolic 
sequence of LAMP2C is conserved between human, chicken, and mouse while the LAMP2A 
and LAMP2B sequences are not, suggesting an evolutionarily significant role of LAMP2C in 
cells (Eskelinen et al. 2005; Fujiwara et al. 2013a). No LAMP2 orthologs have been found in the 
genomes of yeast or plants.  
 
Here, I show that an RNautophagy-like process occurs in plants independent of LAMP2. 
Purified vacuoles from Arabidopsis thaliana accumulated exogenously added RNA in an ATP-
dependent fashion. The transport of RNA was also visualized using fluorescently tagged RNA 
and microscopy. Inhibitor studies suggested the RNautophagy-like transport mechanism in plants 
does not rely on ABC-type transporters or an ion gradient. Using data from total vacuole 
proteomics studies we identified several protein candidates for the RNautophagy-like process in 
plants. We identified a DEVH-box helicase that shows increased autophagy and reduced 
fluorescent RNA transport. These data illustrate that RNautophagy can occur in plant vacuoles, 
despite the absence of LAMP2. However, the proteins involved in transport of RNA into the 
vacuole are currently unknown. 
 
4.3 Results 
 
4.3.1 Exogenously added RNA accumulates inside purified plant vacuoles  
The ATP-dependent RNautophagy mechanism reported to occur in mammalian 
lysosomes requires the LAMP2C protein (Fujiwara et al. 2013a). LAMP orthologs have not been 
reported in plant genomes. However, I investigated if an RNautophagy-like process can still 
occur in plant cells, even in the absence of a LAMP2 homolog. Since plant cells contain 
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vacuoles, instead of lysosomes, I hypothesized that if an RNautophagy-like process occurred in 
plants it would direct RNA into the vacuole lumen in an ATP-dependent manner.  
 
To investigate this I designed an in vitro vacuolar RNA transport assay using purified 
Arabidopsis vacuoles as a transport target, and total RNA as a transport substrate. A potential 
problem facing this assay is the degradation of RNA in the vacuole lumen by ribonucleases 
following transport. To reduce intravacuolar RNA degradation, this assay used purified vacuoles 
from the rns2-2 mutant, which lacks the class II T2 ribonuclease enzyme RNS2. In wild-type 
plants RNS2 is localized to the vacuole and functions in RNA degradation (Hillwig et al. 2011; 
MacIntosh 2011). However, an RNS2 knockout mutant, rns2-2, accumulates rRNA in the 
vacuole, indicating that RNA degradation is reduced (Hillwig et al. 2011). The reduced RNA 
degradation phenotype makes rns2-2 vacuoles ideal for this assay. To distinguish between 
Arabidopsis RNA already present in rns2-2 vacuoles and RNA transported into the vacuole, I 
used RNA from Drosophila ovaries as a transport substrate instead of plant RNA. The rRNA 
sequences between Drosophila and Arabidopsis differ enough that PCR amplification can 
discriminate between them. Specific primers were designed that amplify Drosophila 18S and 28S 
rRNA but not Arabidopsis 18S and 25S rRNA (Fig S1).  
 
A schematic of the experimental design is shown (Fig 1A). Purified vacuoles and 5µg 
total Drosophila RNA were incubated together in either the presence or absence of 18mM ATP. 
After allowing transport to occur, RNaseA was added to remove RNA not transported into 
vacuoles. Drosophila RNA taken up by vacuoles was protected from RNaseA degradation. 
Following addition of an RNaseA inhibitor, RNA was extracted from the vacuoles and quantified 
by qRT-PCR using vacuolar acid phosphatase activity as a normalization control as in . It was 
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unknown what environmental conditions would be required for RNA transport. Purified vacuole 
survival can be prolonged using temperatures between 4 and 10oC but previous lysosome 
transport assays were performed at 37 oC (Fujiwara et al. 2013a), a temperature that may lyse 
vacuoles. As a compromise between cooler and warmer temperatures, the samples were gently 
mixed with cut pipet tips and incubated for 5 minutes at room temperature followed by 20 
minutes on ice. To prevent contamination of minus ATP samples with cellular ATP released 
during vacuole purification, apyrase was added to samples not containing exogenously added 
18mM ATP.  
 
Vacuoles incubated with ATP accumulated ~3-fold more 18S and 28S Drosophila rRNA 
than those without ATP (Fig 1B). Control samples lacking exogenous RNA showed no 
accumulation of rRNA (Fig 1B), indicating that the Drosophila rRNA primers can discriminate 
between Drosophila rRNA and Arabidopsis rRNA already present in the vacuole. Control 
samples lacking purified vacuoles show the quantity of detectable RNA remaining after RNaseA 
treatment. Together these results suggest that RNA can be transported into purified rns2-2 
vacuoles in an ATP-dependent manner similar to the reported RNautophagy in mammals.  
 
4.3.2 Fluorescently-tagged RNA can be used to assay trans-membrane transport activity 
To confirm the results of RNA transport found by qRT-PCR studies, an assay was 
developed to more directly visualize RNA transport into purified vacuoles using fluorescent 
RNA. Several different methods and forms of fluorescent RNA have been reported. One method 
uses a fluorophore-binding RNA aptamer sequence that confers a secondary structure that 
induces fluorescence of a small fluorophore upon binding (Paige et al. 2011; Warner et al. 2014). 
Other fluorescent RNA techniques involve the interaction of fluorescent proteins with RNA 
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secondary structure (Schonberger et al. 2012), incorporating fluorescent nucleotides covalently 
by in vitro transcription (Stuger and Forreiter 2004; Christensen et al. 2009), the addition of 
intercalating dyes (Fujiwara et al. 1993), or covalent linkage of a fluorophore to either the 5’- or 
3`-end of an RNA molecule (Berezhna et al. 2006; Dunoyer 2011).  
 
To analyze RNA transport into Arabidopsis vacuoles I used a 15-nucleotide random RNA 
sequence conjugated at the 3’-end with Alexa488 fluorophore. A 15-base random RNA sequence 
was used since it was unknown if the RNautophagy-like process occurring in plants was RNA 
sequence specific or if a certain length was required. This type of fluorescent RNA can be 
ordered, synthesized, and purified commercially and requires no specific sequence or in vitro 
transcription. I hypothesized that purified vacuoles would fluoresce upon ATP-driven trans-
membrane transport of the fluorescently labeled RNA (FL-RNA) if an RNautophagy-like 
mechanism was present in Arabidopsis. 
 
A schematic of the experimental design is shown (Fig 2A). WT vacuoles were used in 
this analysis since intravacuolar RNA degradation is unrelated to Alexa 488 fluorophore 
fluorescence. Purified WT vacuoles were incubated with FL-RNA in the presence of 10mM ATP 
to promote transport. Following FL-RNA transport incubation, samples were diluted ten-fold 
with vacuole buffer to dilute out untransported FL-RNA. Vacuoles were then imaged using 
microscopy.  
 
To determine if the observed fluorescence was inside the vacuole or sticking to the outer 
vacuole surface, vacuoles were imaged using confocal microscopy. Fluorescent vacuoles were 
imaged from multiple focal z-layers and fluorescence was found throughout the organelle at 
multiple z-positions rather than the outer edges alone (Fig 2B). Assembly of z-stacks shows the 
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semi-spherical shape of a fluorescing vacuole further indicating internal vacuole localization of 
the flurophore (Fig 2C). This suggests that FL-RNA can be used to visualize the RNautophagy-
like transport pathway in purified Arabidopsis vacuoles, and that the transport method may not 
be RNA-sequence specific. Interestingly, transport assays were not incubated at room 
temperature for 5 minutes, as used in qRT-PCR quantified vacuole RNA transport experiments 
described above. Instead samples were kept on ice during transport incubation and prior to 
visualization. This indicates that incubation at room temperature is not required for the 
RNautophagy-like transport of RNA. 
 
4.3.3 The transport of FL-RNA into vacuoles is sporadic and enhanced by ATP and RNA 
After determining that the FL-RNA based transport assay was functional and that the 
observed fluorescence was originating from the vacuole interior, I next investigated the 
distribution of vacuole fluorescence intensities and the requirement for ATP and RNA in FL-
RNA transport. Vacuoles containing FL-RNA existed at various fluorescence intensities. One 
way to quantify this was by sorting vacuoles into high FL, low FL, and zero FL populations by 
eye (Fig 2D). Vacuoles showing a fluorescence intensity that saturated or nearly saturated the 
detector were assigned to the high-FL group. Vacuoles showing all other amounts of 
fluorescence were assigned to the low-FL group. Vacuoles showing no fluorescence were 
assigned to the zero-FL group.  
 
Using the above quantification technique in WT vacuoles, I found that ~10-20% of 
vacuoles showed a fluorescence signal regardless of treatment (Fig 2E). However, there were 
more vacuoles in the high FL population when ATP was added. Interestingly, more vacuoles 
showed low FL when ATP was absent. The same was true for rns2-2 purified vacuoles. The 
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number of high FL vacuoles increased in the presence of ATP and RNA. Overall, however, 
~20% of vacuoles fluoresced when ATP was added, but ~30% of vacuoles fluoresced in the 
absence of ATP (Fig S2). Vacuoles alone showed no autofluorescence. I also investigated if the 
transport of FL-RNA is a selective process for RNA substrates, or if the Alexa488 fluorophore is 
being taken up non-selectively by another process. To do this, the FL-RNA probe was incubated 
with RNaseA to digest RNA away from the Alexa488 probe prior to incubation with vacuoles 
and ATP. RNaseA treatment of the Alexa488 probe resulted in fewer high-FL vacuoles 
indicating that RNA may enhance transport of the Alexa488 fluorophore (Fig 2E). However, the 
number of low FL vacuoles increased to amounts similar to the minus ATP samples. Why low 
FL vacuoles increased in number in minus ATP and RNaseA treated samples is unknown. 
 
As another method to quantify RNA transport I used Fiji software (Schindelin et al. 
2012) to measure the fluorescence intensity of individual fluorescing vacuoles. A circular region 
within the vacuole being measured was quantified. Sample vacuole intensities were statistically 
compared using the Student’s two-sided t-test. WT vacuoles treated with ATP showed the 
highest fluorescence intensity, as well as the widest distribution of fluorescence intensities. 
Removal of ATP resulted in overall decreased fluorescence and a narrower distribution (Fig 3). 
Although bright vacuoles were seen in minus ATP and plus RNaseA samples, they were mostly 
statistical outliers following analysis (vacuole FL > 1.5 standard deviations away from sample 
mean). Furthermore, as seen above, removal of RNA from the Alexa488 fluorophore by RNaseA 
treatment also reduced vacuole fluorescence even in the presence of ATP indicating that RNA 
increases transport efficiency of Alexa488 into the vacuole. Background fluorescence was 
quantified to illustrate the level of fluorescence left behind following sample dilution, and that 
after sample dilution, vacuoles containing FL-RNA are more fluorescent than the background. 
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Vacuoles alone showed no quantifiable autofluorescence. This was also the case for rns2-2 
vacuoles (Fig S3). Altogether, this indicates that the vacuole RNA transport mechanism is 
enhanced by the presence of both ATP and RNA. However, some transport still occurs in their 
absence, perhaps by non-specific uptake by other trans-membrane transporters.  
 
4.3.4 RNA transport into vacuoles requires ATP hydrolysis but does not require an ion-
gradient or ABC transporter  
Both the nature of the RNautophagy-like transport mechanism and the proteins involved 
are unknown in plants. To further elucidate the nature of the vacuolar RNA transport process I 
performed inhibitor studies and assayed RNA transport efficiency using FL-RNA. I first tested 
whether ATP hydrolysis was required or ATP binding alone was sufficient for RNA transport. 
The addition of adenosine 5’-(β,γ-imido) triphosphate to the vacuole transport assay, which 
contains a non-hydrolysable bond between the β and γ phosphates, significantly reduced (P = 
0.0005) the mean vacuole fluorescence by ~18% and lowered the fluorescence distribution (Fig 
4A). This indicates that ATP hydrolysis, and not binding alone, increases transport efficiency.  
 
A common ATP-dependent mechanism of trans-membrane transport in many organisms 
involves ATP-binding cassette (ABC) transporter proteins (Kang et al. 2011). Treatment of 
vacuoles with the ABC transporter inhibitor sodium orthovanadate, a suppressor of ATPase 
activity (Goodno 1979), had no significant effect (P = 0.6) on FL-RNA transport efficiency (Fig 
4B). This suggests that RNA transport into the vacuole does not involve an ABC transporter.  
 
Co-transporters are another class of proteins used in the trans-membrane transport of 
molecules into the vacuole (Lodish et al. 2000; Etxeberria et al. 2012). Plant vacuoles maintain a 
high concentration of ions in their lumen that drive antiport mechanisms (Etxeberria et al. 2012). 
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To test if FL-RNA transport relies on the ion gradient in plant vacuoles I treated vacuoles with 
gramicidin to depolarize the membrane ionic gradient (Karlish et al. 1969; Andersen et al. 2005). 
Treatment of vacuoles with gramicidin had no significant effect (P = 0.97) on FL-RNA transport 
efficiency, indicating that RNA transport into the vacuole does not require an ion gradient to 
drive transport (Fig 4C).  
 
4.3.5 A DEVH-box helicase mutant shows increased basal autophagy 
As one approach to identify protein candidates involved in RNA transport into the 
vacuole lumen we selected several proteins shown by proteomic studies to be associated with the 
vacuole as well as having the potential to bind RNA (Carter et al. 2004) (Table 1). The 
At1g14250 nucleoside phosphatase gene has not been characterized, but is transcriptionally 
upregulated during temperature stress (Swindell et al. 2007) potentially playing a role in 
modulating the molecular composition of membranes. The At3g46960 DEVH-box RNA helicase 
protein is a member of the superfamily II Ski2p-related DEAD-box RNA helicase family 
because of its sequence homology to the yeast RNA-helicase Ski2p. Ski2p is part of a protein 
complex involved in 3’ – 5’ cytoplasmic mRNA degradation in yeast, Drosophila and 
mammalian cells (Dangel et al. 1995; Seago et al. 2001; Cordin et al. 2006; Kobayashi et al. 
2007). Another Arabidopsis RNA helicase, At1g76630, is also putative homolog of Ski2p 
(Jolivet et al. 2006) and may function in RNA degradation in Arabidopsis cells. At3g46960 is 
highly expressed throughout many plant tissues and is able to hydrolyze ATP (Aubourg et al. 
1999; Tanner et al. 2003). More recently the protein was renamed from Ski2p-related RNA 
helicase to AtHELPS. AtHELPS is expressed in shoots, but even more so in roots. AtHELPS 
seems to functions as a negative regulator during low potassium stress (Xu et al. 2011). Other 
DEAD-box helicases have been implicated in a variety of physiological processes in plants 
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including determination of cell fate, biotic and abiotic stress, gene silencing, and growth 
(Kobayashi et al. 2007; Guan et al. 2013; Gu et al. 2014; Khan et al. 2014; Tuteja et al. 2014; 
Zhang et al. 2014).  
 
Two mutants were initially studied: A nucleoside phosphatase family protein 
(At1g14250) and a DEAD/DEAH box RNA helicase (At3g46960). At1g14250 contained a T-
DNA insertion in the first exon (CS65604) and At3g46960 had a T-DNA insertion in the third 
intron (SALK_141579C).Both the At1g14250 and At3g46960 mutants were genotyped to 
confirm that they were homozygous for the mutant allele and checked for expression by 
qualitative RT-PCR (Fig S4). RT-PCR analysis of At1g14250 was attempted, but low expression 
of the wild type allele made detection of a null mutant difficult to confirm by RT-PCR. 
 
In previous studies, the mutation of proteins involved in cellular RNA turnover 
corresponded with an increase in autophagy (Tanaka et al. 2000; Hillwig et al. 2011; Buchan et 
al. 2013), possibly as a cellular mechanism to compensate for the lost protein activity resulting 
from genetic mutation. Thus, MDC staining of autophagosomes and fluorescence microscopy 
was done in the nucleoside phosphatase and Athelps mutants as a preliminary screen for their 
involvement in RNA transport or decay. WT and null nucleoside phosphatase seedlings had 
basal levels of autophagy, with nucleoside phosphatase having less autophagy than WT (Fig 6A 
and B). This may be a result of altered lipid composition in the nucleoside phosphatase mutant 
since altered lipid content inhibits autophagy (Koga et al. 2010). Athelps, however, showed an 
increase in autophagy. The modest increase in autophagy in Athelps may be a preliminary 
indicator of its role in RNA turnover processes and possibly RNautophagy. 
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4.3.6 Athelps and nucleoside phosphatase mutants show reduced FL-RNA transport into the 
vacuole 
The autophagy observed in Athelps may indicate that loss of the DEVH-box helicase 
induces increased autophagy as a compensatory mechanism to maintain RNA homeostasis. 
However, it does not indicate that AtHELPS is involved in an RNautophagy-like RNA transport 
mechanism in plants. To further investigate the possibility of either NUCLOESIDE 
PHOSPHATASE or AtHELPS being involved in RNautophagy, I used the FL-RNA transport 
assay to test the efficiency of RNA transport in nucleoside phosphatase and Athelps vacuoles 
compared to WT. 
 
Purified vacuoles from WT, nucleoside phosphatase, and Athelps were incubated with 
FL-RNA in the presence of ATP. Both nucleoside phosphatse and Athelps showed a significant 
decrease in transport of FL-RNA by 25% and 14% respectively in mean vacuole fluorescence  
(Fig 7). Both mutants also showed narrower fluorescence intensity distributions compared to 
WT. The decreased FL-RNA transport in nucleoside phosphosphatase could be the result of 
altered vacuole membrane composition in the mutant. However, extensive phenotyping and 
characterization of the nucleoside phosphatase mutant would be needed to better support such a 
conclusion. However, the ATP-hydrolyzing ability of the AtHELPS DEVH-box helicase, 
increased autophagy, and reduced FL-RNA transport in Athelps together suggest that AtHELPS 
may be a part of the RNautophagy-like process in plants. 
 
4.4 Discussion 
 
The degradation of multiple forms of RNA is an essential process in eukaryotic cells. To 
maintain homeostasis, RNAs are degraded to regulate translation, eliminate incorrectly 
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synthesized RNAs, and generally turnover RNA to maintain their quality in the cell (Decker and 
Parker 2012). Accumulation of RNAs, particularly aberrant RNAs, is known to be harmful in 
many organisms (Cooper et al. 2009; Xu and Chua 2011; Gray and Woulfe 2013). Multiple 
processes of RNA turnover have been characterized (Houseley and Tollervey 2009; Huang et al. 
2015).  
 
The RNautophagy mechanism discovered in mammals involves the direct transport of 
RNA into the lysosome through the LAMP2C transporter (Fujiwara et al. 2013a). LAMP2 is not 
present in the genome of plants. Here, I have shown that an RNautophagy-like process can occur 
in plant vacuoles in vitro and independent of LAMP2. RNautophagy in plants is dependent on 
ATP hydrolysis, but not the vacuole ionic gradient or ABC-transporters. Although the proteins 
involved in RNautophagy in plants are currently unknown, I assayed the transport abilities of 
two proteins found in vacuole proteomics studies that we speculated to have RNA-binding 
activity. Both a nucleoside phosphatase and DEVH-box helicase mutant had decreased FL-RNA 
transport. However, the DEVH-box helicase mutant, Athelps, had increased autophagy while the 
nucleoside phosphatase mutant did not. Combined with the important physiological roles that 
DEAD-box family helicases play in RNA mechanisms (Guan et al. 2013; Tuteja et al. 2014; 
Zhang et al. 2014), as well as their RNA-binding and ATP hydrolysis ability (Cordin et al. 2006), 
I speculate that AtHELPS is involved in an RNautophagy-like process in plants. 
 
LAMP2C mediated RNautophagy studies in mammals were done using purified 
lysosomes. RNA transport was assayed by measuring the disappearance of exogenously added 
RNA using gel electrophoresis (Fujiwara et al. 2013a). In contrast, our studies of RNautophagy 
in plant vacuoles were based on measuring RNA accumulation within the vacuole using qRT-
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PCR and microscopy. In mammalian LAMP2C-mediated RNA transport experiments, ~70% of 
exogenously added RNA was degraded in the presence of ATP after 20 minutes (Fujiwara et al. 
2013a). Using qRT-PCR, I found that RNautophagy in plants accumulated ~70% more RNA in 
the vacuole in the presence of ATP after 25 minutes. Although one experiment measures 
degradation while the other measures accumulation the processes may occur at similar rates 
between animals and plants. 
 
However, using FL-RNA and microscopy, I was able to discern between vacuoles that 
transported RNA and vacuoles that did not, on an individual vacuole basis. I found that, even in 
the presence of ATP, the majority of vacuoles did not contain FL-RNA. This suggests that only a 
few vacuoles participate in an RNautophagy mechanism in vitro. This may be because 
RNautophagy only operates in certain tissues within the leaf. LAMP2C, for example, is highly 
expressed in neurons, which are rich in RNA and a disequilibrium in these cells can lead to 
disease (Stoykova et al. 1985; Henneke et al. 2009; Gray and Woulfe 2013). Furthermore, 
vacuoles that did show FL-RNA transport were variable in their fluorescence intensity regardless 
of treatment. Fluorescence variability may be the result of fluorescent probe annealing to the 
outer surface of the vacuole, or different amounts of trans-acting protein factors associated with 
individual vacuoles as a function of the sample purity or cell type. If certain proteins were left 
annealed to the membrane during purification, then they may improve FL-RNA transport 
efficiency. Sometimes, purified vacuoles would aggregate and form clumps, which would 
sometimes fluoresce. If clumps contained high levels of soluble trans-acting factors, then that 
may explain their fluorescence. When only considering fluorescing vacuoles however, on 
average, more bright vacuoles were seen in the presence of RNA and ATP. Elimination of either 
the RNA component of Alexa488-RNA or ATP reduced overall vacuole fluorescence.  
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Classification of vacuoles into high FL, low FL, and zero FL populations showed an 
increase in high FL vacuoles in the presence of ATP. However, the number of low FL vacuoles 
increased in the absence of ATP, or when RNA was removed from Alexa488-RNA. While the 
increase in high FL vacuoles is consistent with our hypothesis of RNautophagy in plants, the 
increase in low FL vacuoles may be an artifact of the relative assignment of vacuoles to the high 
and low FL groups, or microscopy imaging issues. During microscopy of vacuoles incubated 
with FL-RNA, samples containing ATP were the first samples visualized since those vacuoles 
were hypothesized to have the brightest vacuoles. Exposures were set using a bright vacuole in 
the ATP treated sample, and held constant for later samples. Each time a fluorescent vacuole was 
encountered an image was taken. However, in samples containing ATP, high FL vacuoles were 
more abundant and easier to find compared to low FL vacuoles. Whereas, in samples lacking 
ATP or the RNA component of Alexa488-RNA, bright vacuoles were sparse and dim vacuoles 
were more apparent to the eye. This potential bias may have inadvertently resulted in fewer low 
FL vacuoles being imaged in +ATP samples because they were overlooked. To alleviate this, a 
whole sample florescence quantification method, such as flow cytometry, may be considered if 
vacuoles are resilient enough to survive analysis. Quantification of vacuole fluorescence using 
Fiji was useful in transporter analysis to more precisely quantify the distribution of vacuole 
fluorescences in different samples rather than categorizing fluorescence by eye and may be a 
more robust quantification method.  
 
When the RNA component of Alexa488 is removed, overall vacuole fluorescence was 
reduced indicating that the transport process is selective for RNA. Moreover, the FL-RNA was a 
randomly synthesized sequence 15-bases in length. The fact that the random sequence was 
171	  	  
transported suggests that RNautophagy is not sequence-specific. It would be interesting, 
however, to test the effects of different lengths and sequences of RNA on transporter efficiency. 
Regardless of whether or not ATP or RNA is present, there were always some vacuoles that were 
weakly fluorescent, suggesting the RNautophagy process is either leaky or other vacuole 
transport mechanisms import the FL-RNA. Similar findings were observed when studying an 
ABC-transporter involved in cell wall synthesis; a low level of transport was often detected in 
the absence of ATP (Miao and Liu 2010). Studies with lamp2 mutant mice also found that 
RNautophagy could not be completely abolished by a single mutation, which also suggests a 
leaky phenotype consistent with my findings (Fujiwara et al. 2013a). 
 
As an approach to identify proteins involved in RNautophagy in plants, we used vacuole 
proteomics data (Carter et al. 2004) and selected proteins that we believed to have RNA-binding 
abilities based on known functional characterization of related proteins. Two of these genes were 
tested here: At2g14250 nucleoside phosphatase and At3g46960 DEVH-box helicase, also called 
AtHELPS. Using our FL-RNA transport assay I found that nucleoside phosphatase had 
decreased FL-RNA transport. nucleoside phosphatase, on the other hand, did not show an 
increase in autophagy, and in fact had lower autophagy than WT. These findings may be the 
result of altered lipid content in the mutant. Mutant plants also grew smaller (data not shown) but 
more extensive phenotypic analysis should be done to confirm and quantify the growth 
phenotype as well as investigate lipid content. Athelps, however, had an increase in autophagy 
and decrease in FL-RNA transport. Combining this with AtHELPS ability to bind RNA and 
hydrolyze ATP make Athelps an attractive candidate for functioning in RNautophagy. DEAD-
box RNA helicase proteins are involved in nearly all areas of RNA metabolism including 
translation, degradation, RNA maturation, transport, splicing, ribosome biogenesis, and 
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transcription (Cordin et al. 2006). AtHELPS is putatively localized to the vacuole and may have 
at least one transmembrane domain, similar to LAMP2C (Eskelinen et al. 2005). The localization 
of AtHELPS in the vacuole needs to be confirmed. If located there, it may function to bind the 
RNA after it passes through a pore-like trans-membrane protein and facilitate transport of the 
RNA into the vacuole for degradation by resident ribonucleases. A DEAD-box protein in yeast, 
related to Ski2p, was found to function in the transport of mRNA from the nucleus to the 
cytoplasm (Liang et al. 1996). 
 
Why a cell performs RNautophagy is difficult to address, especially in light of all the 
other mechanisms of RNA degradation reported in cells. At the very least, I should acknowledge 
that the abundance of RNA turnover mechanisms and their regulatory framework in eukaryotes 
illustrates the evolutionary and physiological significance of maintaining RNA homeostasis. 
Fujiwara et al. suggests that RNautophagy contributes to at least 10-20% of the total amount of 
RNA degradation in living cells (Fujiwara et al. 2013a). RNautophagy may also be involved in 
the immune response in animals, as LAMP2 is upregulated in macrophages and used as a marker 
for those cells (Ho and Springer 1983; Garner et al. 1987; Fujiwara et al. 2013a). Alternative 
functions of RNautophagy in plants may also be in response to viral attack or as a general 
turnover mechanism of cytoplasmic RNAs. 
 
4.5 Methods 
 
Plant growth and Arabidopsis thaliana genotypes 
Arabidopsis thaliana plants used for vacuole analyses were grown in soil under short day 
conditions (10hr light/14hr dark) at 22oC for 6 weeks. For microscopy studies, seeds were 
surface-sterilized in 33% (v/v) bleach, 1% Triton X-100 for 20min followed by cold treatment 
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for ≥2 days. Plants were grown for seven days under long day (LD) conditions (16hr light/8hr 
dark) at 22°C on nutrient solid half-strength Murashige-Skoog medium with vitamins 
(MS)(MSP09; Caisson Labs), 1% sucrose, 2.4mM MES pH5.7, and 0.8% (w/v) phytoagar 
(PTP01; Caisson Labs) as described (Liu et al. 2012). Arabidopsis Columbia-0 accession was 
used as wild-type control. T-DNA insertion mutants used in this study were rns2-2 
(SALK_069588), Athelps (SALK_141579C), and nucleoside phosphatase (CS65604).  
 
qRT-PCR based assay of in vitro transport of RNA into vacuoles 
Vacuoles were purified from rns2-2 plants and membrane integrity confirmed by neutral 
red staining and brightfield microscopy according to Robert et al (Robert et al. 2007). Two 
vacuole preparations were used for each experiment. Purified vacuoles were combined into one 
tube and gently homogenized by pipetting with cut tips. 200µl of vacuoles were aliquotted into 
each reaction tube. 5µl of 2U/µl apyrase (A6410; Sigma Aldrich) was added and incubated for 5 
minutes at room temperature to remove residual ATP from minus ATP samples. 5µg Drosophila 
melanogaster ovarian RNA was extracted using TRIzol (15596026; Invitrogen) and dissolved in 
nuclease free water, then added along with 18mM adenosine 5’-triphosphate (ATP) magnesium 
salt (A9187; Sigma Aldrich). Following gentle mixing with cut pipet tips, samples were 
incubated at room temperature for 5 minutes to allow transport. Samples were then incubated 
with 200µg RNaseA (19101; Qiagen) for 20min on ice to remove residual Drosophila RNA 
outside the vacuole. 10µl Recombinant RNasein© Ribonuclease inhibitor (N2515; Promega) was 
added to inhibit RNaseA activity and samples were flash frozen in liquid nitrogen. 
 
Upon thawing samples, 18mM ATP was added to samples without prior ATP addition, as 
[ATP] affects acid phosphatase activity. Vacuoles were vortexed to homogenize and spun down 
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prior to aliquotting 35µl for use in acid phosphatase analysis as described (Reilly et al. 1996; 
Ahmed et al. 2000). RNA was extracted from the remaining vacuoles using an RNeasy Plant 
Mini Kit (74904; Qiagen). For this, vacuoles were combined with 600µl of lysis buffer RLT 
(Qiagen) and RNA extracted according to the manufacturer’s protocol. Samples were DNase-
treated using an on column DNaseI (79254; Qiagen) and RNA eluted with 30µl of water. A 13µl 
aliquot of extracted vacuolar RNA was used for cDNA synthesis by a qScript Flex cDNA kit 
(95049; Quanta BioSciences) using random primers with a final cDNA dilution volume of 80µl. 
cDNA was tested by semi-quantitative PCR. qRT-PCR was carried out using PerfeCta SYBR 
Green Fast Mix, Low ROX (95074; Quanta BioSciences) in a Stratagene Mx4000 multiplex 
quantitative PCR system (Agilent Technologies) using primers for Drosophila 18S and 28S 
rRNA,. qPCR results were normalized to the vacuole marker enzyme acid phosphatase activity 
as described (Reilly et al. 1996; Ahmed et al. 2000). Samples not containing vacuoles were 
assigned an acid phosphatase value based on each experiment’s average acid phosphatase 
activity for normalization purposes. 
 
Visualizing RNA transport into the vacuole using Alexa Fluor© 488 labeled RNA. 
Vacuoles were purified from both wild-type and rns2-2 rosette leaves. 200µl purified 
vacuoles were used for each sample following gentle sample homogenization by pipetting in a 
separate tube and kept on ice. Vacuoles were treated with apyrase and 10mM ATP. 1µl of 
413pmol/µl Alexa488-RNA was added. The Alexa488-RNA was a custom machine mixed 
random 15 base ribonucleotide sequence with an Alexa488 molecule conjugated to the 3’ end of 
the oligo and HPLC purified (Integrated DNA technologies). As a negative control, Alexa488-
RNA was incubated with 50µg of RNaseA (19101; Qiagen) for 20-30 minutes at room 
temperature in darkness to remove RNA from the Alexa488 fluorophore. Prior to visualization 
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by fluorescence microscopy the samples were diluted 10-fold with ice-cold vacuole buffer 
(Robert et al. 2007) to dilute residual Alexa488 fluorophore. Vacuoles were then imaged by 
fluorescence or confocal microscopy. 
 
For inhibitor studies investigating the role of ATP hydrolysis, ABC-transporters, or the 
vacuolar ionic gradient, 200µl purified wild-type vacuoles were prepared as above. Vacuoles 
were treated for 5 minutes on ice with one of 3 chemicals, 10mM adenosine 5’-(β,γ-imido) 
triphosphate lithium salt hydrate (A2647; Sigma Aldrich), 15uM gramicidin (G5002; Sigma 
Aldrich), or sodium orthovanadate (S6508; Sigma Aldrich). Following incubation with either 
orthovanadate or gramicidin,10mM ATP and 1µl of 413pmol/µl Alexa488-RNA was added to 
samples to induce vacuole RNA transport. Samples were incubated on ice for 20minutes, diluted 
and visualized by fluorescence microscopy. No incubation was performed at room temperature. 
 
Microscopy and quantification 
Vacuoles were imaged by confocal microscopy using a NikonC1si confocal scanning 
system attached to a 90i microscope (Nikon Instruments). For quantification experiments, 
vacuoles were visualized using a Zeiss Axio Imager.A2 upright fluorescent microscope (Carl 
Zeiss Inc.) with a 10x objective and green fluorescent protein filter. Exposure levels were set 
using ATP treated samples and all subsequent images were taken with the same settings. 
Vacuoles were quantified by relative intensity (2= high intensity, 1= low intensity, 0= no 
intensity), and fluorescence intensity of each vacuole was quantified using Fiji software 
(Schindelin et al. 2012). 
 
For MDC staining, seven-day-old Arabidopsis seedlings were stained with 50µM 
monodansylcadaverine (MDC)(30432; Sigma) in phosphate buffered saline pH 7.4 and washed 
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twice according to Contento et al. (Contento et al. 2005). MDC fluorescence was visualized 
using a UV lamp and 4’,6-diamidino-2-phenylindole-specific filter (DAPI) with excitation of 
360±20nm and emission of 460±25nm (Chroma Technology Corp.). The number of motile 
MDC-stained autophagosomes in all cells visible in the focal plane was quantified and expressed 
per frame. Confocal microscopy of seedlings was performed using a Leica (Leica Microsystems) 
SP5 X MP confocal multiphoton microscope and HPX PL APO 63.0x1.40 oil objective. 
Confocal microscopy of MDC staining used an excitation/emission of 405nm/430-550nm. 
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4.8 Figures and tables 
 
 
Fig 1- RNA is transported into plant vacuoles in vitro in a process that involves ATP. (A) 
Schematic of experimental design of transport of Drosophila RNA (squiggles) into purified 
vacuoles (circles). (B) Quantification of RNA transport into rns2-2 vacuoles. Abundance of 18S 
and 28S Drosophila rRNA was quantified using qRT-PCR, and the results were normalized to 
acid phosphatase activity. Apyrase was used to remove residual ATP. These results are 
expressed relative to the WT average. Samples were analyzed in triplicate for four biological 
replicates. Error bars represent standard error. Similar letters indicate no significant difference 
according to pairwise Student’s two-sided t-test (P>0.05). Acid phosphatase analysis and RNA 
extractions from Drosophila ovaries was performed by Ayesha Riaz. 
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Fig 2- Alexa488-tagged-RNA is transported into plant vacuoles in vitro. (A) Schematic of 
experimental design of transport of fluorescently labeled RNA (in green) to purified vacuoles 
(circles) (B) Confocal microscopy z-stack of a WT vacuole containing FL-RNA. (C) Confocal 
microscopy z-stack optical layer side views. Scalebar = 50µm. (D) Fluorescence microscopy and 
differential interference contrast (DIC) microscopy images of vacuoles of high, low, and zero 
fluorescence (FL). Scalebar = 25µm. (E) Quantification of the number of vacuoles at high, low, 
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and zero fluorescence intensity for three biological replicates and normalized to the total number 
of vacuoles. Error bars represent standard error. Similar letters indicate no significant difference 
according to pairwise Student’s two-sided t-test (P>0.05). 
 
 
Fig 3- Fluorescence intensity quantification of WT vacuoles containing fluorescent RNA. 
Shaded box represents inner-quartile range, line represents median, open circles represent 
statistical outliers greater than 1.5 standard deviations away from the mean. The number of 
vacuoles quantified is shown in each box as a sum of three biological replicates. Similar letters 
indicate no significant difference according to pairwise Student’s two-sided t-test (P>0.05). 
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Fig 4- Effect of inhibitors on fluorescent-RNA transport into WT vacuoles by measuring 
fluorescence intensity. (A) Treatment of vacuoles with a non-hydrolyzable ATP, adenosine 5’-
(β,γ-imido) triphosphate lithium salt hydrate, with three biological replicates. (B) Treatment of 
vacuoles with the ABC-transporter inhibitor sodium orthovanadate, with two biological 
replicates. (C) Treatment of vacuoles with the ion gradient uncoupler gramicidin, with two 
biological replicates. Shaded box represents inner-quartile range, line represents median. The 
number of vacuoles quantified is shown in each box. Similar letters indicate no significant 
difference according to pairwise Student’s two-sided t-test (P>0.05). 
 
Gene Protein Classification 
At3g06530 ARM repeat super family protein Expressed Protein 
At1g09340 RNA-binding protein Hypothetical Protein 
At3g06480 DEAD box RNA helicase, putative Expressed Protein 
At1g14250 Nucleoside phosphatase family protein Expressed Protein 
At3g46960 DEAD/DEAH box helicase Expressed Protein 
 
Table 1- Candidate genes for transport of RNA into the vacuole lumen selected for their 
presence in the vacuole membrane and RNA binding characteristics. Bold text indicates 
homozygous mutants included in analysis. List of candidates provided by Dr. Gustavo Macintosh 
and screened by Victoria Ridout.  
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Fig 5- Athelps has increased basal autophagy. (A) Confocal microscopy of MDC stained roots 
from WT, nucleoside phosphatase mutant, and Athelps seedlings. Scalebar = 25µm (B) MDC 
stained structures as shown in part (A) were quantified from fluorescence microscopy images. 
Autophagosomes (ATGs) were counted per frame from 28-30 root images taken in the late 
elongation zone per genotype with 3 biological replicates. Error bars represent standard error. 
Similar letters indicate no significant difference according to pairwise Student’s two-sided equal 
variance t-test (P>0.05). 
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Fig 6- Fluorescence intensity quantification and effect of nucleoside phosphatase and Athelps 
mutations on FL-RNA transport. Shaded box represents inner-quartile range, line represents 
median, open circles represent statistical outliers greater than 1.5 standard deviations away from 
the mean. The number of vacuoles quantified is shown in each box as a sum of three biological 
replicates. Similar letters indicate no significant difference according to pairwise Student’s two-
sided t-test (P>0.05). 
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Supplemental Figures 
 
 
Supp Fig 1- Primers are specific for Drosophila melanogaster rRNA. Total RNA was extracted 
from Arabidopsis rosette leaves and Drosophila ovaries and tested by RT-PCR using primers 
against either Drosophila or Arabidopsis rRNA sequences. The Drosophila primers are specific 
for Drosophila 18S and 28S rRNA 
 
 
Supp Fig 2- Quantification of the number of rns2-2 vacuoles containing fluorescent RNA. 
Vacuole counts with high, low, and zero fluorescence intensity for three biological replicates 
were normalized to the total number of vacuoles. Error bars represent standard error. Similar 
letters indicate no significant difference according to pairwise Student’s two-sided t-test 
(P>0.05). 
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Supp Fig 3- Fluorescence intensity quantification boxplot of rns2-2 vacuoles containing 
fluorescent RNA. Shaded box represents inner-quartile range, line represents median, open 
circles represent statistical outliers greater than 1.5 standard deviations away from the mean. The 
number of vacuoles quantified is shown in each box as a sum of three biological replicates. 
Similar letters indicate no significant difference according to pairwise Student’s two-sided t-test 
(P>0.05). 
 
 
Supp Fig 4 – RT-PCR of Athelps expression in mutant background using 18SrRNA as a positive 
control after 35 cycles of PCR. Left side indicates primers used, top indicates cDNA template 
source. 
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Table S1- Primers used in this study 
bo 
Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Dm 18S rRNA (qRT-PCR) TGCTTCATACGGGTAGTA
CA 
TAGTACCGGCCCACAAT
AA 
Dm28S rRNA (qRT-PCR) GCAACAGGAACGACCAT
AA 
CTTCAGAGCCAATCCTTA
TCC 
TIP41-like (qRT-PCR) CCGGCGATTCAGATGGAG
ACGG 
TGCTGAGACGGCTTGCTC
CTG 
At18S rRNA (RT-PCR) TCCTGGTCTTAATTGGCC
CGG 
TGGTCGGCATCGTTTATG
GT 
At25S rRNA (RT-PCR) ATCGCCAGTTCTGCTTAC
CA 
TATGCCTGAGCGGGGTA
AG 
AtHELPS (genotyping) ATTTTGATTGGTTTTCCAG
GG 
GACTTCATTGCTTATGCT
CGC 
Athelps (genotyping) ATTTTGATTGGTTTTCCAG
GG 
TGGTTCACGTAGTGGGCC
ATCG (Lba1) 
AtHELPS (RT-PCR) ATTGCTCAATGGGGGTCC
TG 
GTTCGGCCAATCCAATCA
GC 
NUCLEOSIDE 
PHOSPHATASE (genotyping) 
ACAGGCACATCAAGCAAT
CTC 
TGACGAGTACAAAACAA
AAAGAGG 
nucleoside phosphatse 
(genotyping) 
ACAGGCACATCAAGCAAT
CTC 
TGGTTCACGTAGTGGGCC
ATCG (Lba1) 
RNS2 (genotyping) CAATCTTTAGTTTCAGTTT
CAGGAATC 
ACAGAGCAGAGGAAATC
TAAGATACATGA 
rns2-2 (genotyping) ATATTTGCTAGCTGATAG
TGACCTTA 
ACAGAGCAGAGGAAATC
TAAGATACATGA 
RNS2 (cloning) ATGGCGTCACGTTTATGT
CTTCTCCTTC 
ACAGAGCAGAGGAAATC
TAAGATACATGA 
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CHAPTER 5 
 
DISCUSSION AND FUTURE WORK 
 
5.1 Dissertation Discussion 
 
 
This dissertation summarizes my work in investigating the role of autophagy and RNS2 
ribonuclease in the degradation of rRNA in Arabidopsis. Three research questions were 
addressed: Is RNS2 and autophagy involved in rRNA degradation? Is the vacuolar localization 
and intracellular retention of RNS2 essential for it’s physiological function in rRNA 
degradation? And, can RNA be transported into the vacuole independent of autophagy? Studies 
in these areas have furthered our knowledge and understanding about the degradation of 
cytoplasmic ribosomes and the transport of RNA in plants. This dissertation has illustrated that 
autophagy is used as a trafficking method to deliver rRNA to the vacuole for degradation by 
RNS2; The localization of RNS2 to the vacuole and retention within the cell is required for its 
canonical function in RNA degradation; And, RNA can be transported across the vacuole 
membrane in an ATP-dependent manner via an RNautophagy-like process.  
 
T2 ribonucleases represent a broadly distributed class of enzymes across many life forms 
including eukaryotes, prokaryotes, and some viruses with a few exceptions (Irie 1991; Irie 1999; 
Condon and Putzer 2002; Hillwig et al. 2009; MacIntosh 2011; Andersen and Collins 2012). The 
primary function of these ribonucleases is in the degradation of RNA. Some members of this 
protein family are secreted, while others are localized within the cell, oftentimes within the 
secretory pathway. They also have noncanonical functions. For example, yeast T2 RNase, 
Rny1p, can be released from the vacuole to the cytoplasm during oxidative stress where it 
cleaves tRNAs and promotes cell death (Thompson and Parker 2009). Human RNASET2 is a 
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known tumor suppressor and can exert antiangiogenic effects potentially through its ability to 
bind actin and inhibit cell motility (Acquati et al. 2005; Nesiel-Nuttman et al. 2014). 
 
The Arabidopsis T2 ribonuclease, RNS2, was previously hypothesized to function in 
maintaining RNA homeostasis because of its expression throughout the organism, vacuolar 
intracellular localization, and evolutionary conservation of homologous proteins in other 
organisms such as zebrafish, yeast, and humans (MacIntosh 2011). Mutating Arabidopsis RNS2 
led to increased autophagy, which was proposed to serve as a compensatory mechanism of rRNA 
decay (Hillwig et al. 2011). The studies presented in this dissertation show that both autophagy 
and RNS2 are involved in rRNA decay in Arabidopsis. 
 
Initial studies into the upregulation of autophagy in rns2-2 were performed using a non-
specific stain for acidic vesicles, monodansylcadaverine (Hillwig et al. 2011). Using an 
autophagy-specific ATG8 marker, I confirmed that rns2-2 had increased autophagosome 
formation. The autophagosomes also contained RNA and ribosomal subunits. Genetically 
knocking out autophagy by either atg9-4 or atg5-1 resulted in an inhibition of autophagy as 
detected by microscopy, giving further evidence that the observed puncta in rns2-2 were 
autophagosomes. Growth phenotypes were also observed in mutants. Interestingly, rns2-2 
rosettes grew larger than WT. This may be an osmotic effect of having excess, undegraded RNA 
within the cell that drives an osmotic increase in cell water content and increases turgor. Double 
mutants, rns2-2atg9-4 and rns2-2atg5-1, had an additive effect on growth inhibition. They grew 
significantly smaller than single atg mutants, indicating the combined functions of RNS2 and 
autophagy are physiologically significant for normal plant development. Mutants also 
accumulated total RNA, as measured from leaf tissue, with the double mutants, rns2-2atg9-4 and 
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rns2-2atg5-1, showing the highest accumulation. The higher RNA accumulation in double 
mutants over single mutants suggests that autophagy and RNS2 do not function in the same 
pathway, but that both contribute to RNA degradation. Vacuole sub-cellular RNA quantification 
revealed that rns2-2 accumulated 6-fold more rRNA than wild type in the vacuole and this was 
dependent on atg5-1 but not atg9-4 indicating that these proteins serve different roles in rRNA 
trafficking to the vacuole. 
 
Autophagy and RNS2 are not the only reported methods of RNA degradation in the cell. 
Other cytoplasmic- and nuclear-localized machinery functions in the decay of various kinds of 
RNA (Houseley et al. 2006; Houseley and Tollervey 2009; Decker and Parker 2012). It is 
interesting to ask why the cell has multiple mechanisms for RNA degradation and how the cell 
selects which to use. In the very least, it signifies the importance of RNA turnover in cells to 
maintain homeostasis. The degradation method used may depend on the type of RNA, if higher 
order structure exists, or the amount of degradation required. The degradation of small RNAs, 
mRNAs, and tRNAs doesn’t seem to require transport to lytic organelles and can be carried out 
in the cytoplasm (Lejeune et al. 2003; Jackowiak et al. 2011; Decker and Parker 2012). Mis-
synthesized RNAs in the nucleus can also be degraded there (Houseley et al. 2006). Although 
some RNA secondary structure and protein associations may exist, cytoplasmic and nuclear 
RNA helicases may be able to render RNA more accessible to nucleases without the requirement 
for transport to a lytic organelle such as a lysosome or vacuole.  
 
rRNA associated with ribosomes, on the other hand, has a highly ordered structure and 
associates with many proteins, which is essential for ribosome catalytic function. Arabidopsis 
ribosomes contain 4 different rRNAs and 80 proteins (Carroll et al. 2008). Degrading these 
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sophisticated ribonuclear complexes may require the activity of multiple enzymes and for 
degradation to be carried out in a compartmentalized area of the cell so only targeted ribosomes 
are degraded. A non-selective, constitutive degradation mechanism of ribosomes in the 
cytoplasm may be detrimental to cells. Other reports have described a mechanism of rRNA 
decay in yeast called nonfunctional rRNA decay (NRD) (LaRiviere et al. 2006; Hinnebusch 
2009). NRD functions to degrade small and large ribosomal subunits that contain rRNA 
mutations or fail to associate with certain ribosomal proteins (Lafontaine 2010). The TRAMP-
exosome pathway functions in the nucleus to degrade misfolded ribosomes (Houseley et al. 
2006; Andersen et al. 2008). However, prior to the studies presented here, no report of stable and 
functional rRNA decay was previously available for plants. Although it is unclear, at this point, 
if the autophagy reported here targets stable or aberrant ribosomes in plants, my findings expand 
our knowledge in the ability of autophagy to direct the transport of ribosomes to the vacuole for 
degradation, and that RNS2 is, at least in part, responsible for rRNA degradation in the vacuole 
of Arabidopsis.  
 
Studies in yeast have shown that autophagy can selectively target ribosomes for 
degradation during nitrogen starvation in a process called ribophagy (Kraft et al. 2008; Kraft and 
Peter 2008). Although this dissertation does not present studies into the selectivity of autophagy 
for ribosomes in Arabidopsis, it does show that nitrogen starvation is not required for the 
autophagic turnover of rRNA to occur, and contains the first reports of ribophagy in plants. An 
increasing number of selective autophagies are being reported in plants (Floyd et al. 2012; 
Bassham and Crespo 2014; Veljanovski and Batoko 2014) and much advancement has been 
made in the selective autophagy area during the time of this dissertation. This has been enabled, 
in part, by the identification of protein adaptors, which selectively bring together substrates and 
197	  	  
autophagy machinery. The potential role of adaptor proteins, or other mechanisms of ribophagy 
in plants requires further experimentation.  
 
Ribophagy may also be non-selective. Ribosomes can have a half-life of several days 
(Jouffe et al. 2013). Given the importance of ribosomes for a cell’s survival and proliferation, 
ribosomes in the cytoplasm may be constitutively degraded by basal autophagy whether they are 
functional or not. This might ensure that correct and fully functional ribosomes are always 
present for protein synthesis in the cytoplasm. Aberrant ribosomes could slow the translation 
process and possibly lead to incorrect or non-functional peptide production. The cell may not 
wait for a ribosome to become damaged or mis-functional before degradation, even though 
waiting for ribosome failure seems to be the most energetically efficient. The cost of reduced 
protein synthesis or incorrectly synthesized proteins may out-weigh the cost of degrading 
functional ribosomes.  
 
The focus of this dissertation is largely on the degradation of the RNA component of 
ribosomes. These studies are significant given that ~80% of a cell’s RNA is in ribosomes 
(Warner 1999). Ribosomal proteins are also highly abundant in plant cells, second only to 
rubisco in chloroplasts. Mechanisms of ribosomal protein degradation were not investigated 
since the RNS2 enzyme being studied does not degrade proteins, and no accumulation of 
ribosomal proteins was seen in the RNS2 null mutant. However, electron microscopy studies 
described earlier showed visible structures that appeared to be ribosomes. Immuno-based studies 
would be required to verify the presence of ribosomal proteins, but it is likely that autophagy 
traffics ribosomal proteins that are associated with the rRNA that was detected in vacuoles. 
However, when and where ribosomal subunits are disassembled is also unknown.  
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Much is known about the factors required for the functional assembly of ribosomes but 
little about their disassembly. NRD is carried out differently for the large and small ribosomal 
subunits. The small subunit relies on the exosome and P-bodies while the large subunit uses 
ubiquitination-mediated processes (Balagopal and Parker 2009; Cole et al. 2009; Fujii et al. 
2009). If disassembly occurs in the cytoplasm, the 26S proteasome may be involved in degrading 
ribosomal proteins. If additional machineries are required for disassembly or large amounts of 
ribosomes need to be degraded, then disassembly may occur in an autophagosome or within the 
vacuole. Autophagy may also be a mechanism used by the cell to quickly mobilize larger 
amounts of substrate during an event like stress. The degradation of longer-lived RNA species 
(rRNA, tRNA) is known to increase during stress (Jackowiak et al. 2011; Huang et al. 2015). 
Interestingly, ribophagy and ribophagy-like processes have only been reported in yeast and 
plants, both of which contain vacuoles. Other species, such as animals, may have evolved to rely 
less on autophagy and lysosomal trafficking to degrade ribosomes and more on cytoplasmic 
methods such as NRD. The RNS2 homologue in humans, RNASET2, is both localized to P-
bodies and secreted from the cell, suggesting that autophagy and the lysosome may serve less of 
a role in rRNA decay in humans (Thorn et al. 2012; Vidalino et al. 2012). Additionally, studies 
in zebrafish suggest that RNase T2 enzymes in animals may play housekeeping roles similar to 
those found in plants given their expression profile (Hillwig et al. 2009). 
 
I speculate that the degradation of ribosomes in Arabidopsis, under normal conditions, is 
a selective process. A selective autophagy receptor for ribosomes has not yet been identified in 
plants. Given the significant metabolic requirements to synthesize a functional ribosome, 
premature degradation would be inefficient. However, ribosomes are also responsible for the 
critical process of mRNA translation and protein synthesis. Functional ribosomes are essential 
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for cell proliferation and may also be constitutively turned over to maintain a healthy population 
of ribosomes in the cytoplasm, while aberrant ribosomes may be targeted selectively or undergo 
NRD. Both possibilities would need to be explored. 
 
Much of autophagy may be a selective process, and non-selective autophagy may only 
occur at higher levels during times of stress, cell death, or when metabolic demands are high. A 
selective pathway during normal conditions seems to be the most metabolically efficient with 
some non-selective autophagy occurring. A non-selective pathway may degrade components too 
early while they are still fully functional. Selective types of autophagy are known to be involved 
in eliminating receptors or signaling molecules to modulate signaling (Gao et al. 2010; Paul et al. 
2012; Sankaranarayanan and Samuel 2015). The down-regulation of signaling by an autophagy-
based mechanism would only be effective using selective processes. During stress, however, the 
increased metabolic demand for substrate may require a non-selective, bulk autophagy approach 
to more quickly mobilize substrates for metabolic re-organization and cell survival. Selective 
autophagy may also play a role during stress to eliminate signaling molecules or transcription 
factors with the help of the 26S proteasome.  
 
This dissertation also increased our knowledge regarding the functional localization of 
RNS2 in Arabidopsis. Different T2 ribonucleases, studied in many organisms, have been found 
to localize to organelles of the secretory pathway, the cytoplasm, or secreted from the cell 
(Deshpande and Shankar 2002; Thompson and Parker 2009; Andersen and Collins 2012; 
Vidalino et al. 2012; Ambrosio et al. 2014). RNS2 is localized to the endoplasmic reticulum and 
vacuole (Hillwig et al. 2011). It was hypothesized that vacuole localization of RNS2 was 
required for its role in rRNA degradation. I tested this hypothesis using a catalytically active, but 
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mis-localized mutant. My work found localization to be equally important as intact ribonuclease 
activity. Findings presented in this dissertation illustrated that rns2-2 (null mutant) and rns2-1 
(catalytically active, mislocalized mutant) had a similar increased autophagy phenotype. The 
secretion of the rns2-1 protein and reduced vacuole localization was correlated with the 
increased autophagy phenotype observed in rns2-1 mutants. This implies that retention of RNS2 
within the cell and vacuole localization is important for RNS2’s role in rRNA turnover. A 
complementation of the rns2-1 autophagy phenotype by expressing RNS2 would strengthen the 
argument for a required vacuole localization and explain the increased autophagy phenotype. 
 
A question that arose during this work was, why is autophagy upregulated in rns2-2 and 
rns2-1 mutants? It is hypothesized that autophagy is upregulated as a compensatory mechanism 
of rRNA decay when RNS2 is missing. Results presented here support that hypothesis, as 
illustrated by RNA and ribosomal subunits found in autophagic vesicles, rosette total RNA 
accumulation, vacuolar rRNA accumulation that relies on ATG5, and growth inhibition of the 
double mutants rns2-2atg9-4 and rns2-2atg5-1. However, the trigger and signaling mechanisms 
that take place in rns2 mutants to induce autophagy is not known. Some preliminary exploration 
suggested that reactive oxygen species were slightly increased in rns2 lines, and that NAPDH 
oxidase might function as an autophagy inducer in rns2-2. NADPH oxidase signaling is also 
important for the induction of autophagy in salt stress and nutrient starvation (Liu et al. 2009). It 
is possible that autophagy is induced as a starvation response in rns2 lines through NADPH 
oxidase signaling to free substrates bound up in ribosomes that would have otherwise been 
degraded by the combined efforts of RNS2 and basal autophagy. Further exploration of this 
pathway would be needed while also considering the key regulators of autophagy, such as TOR 
and associated kinases. 
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A final significant contribution of this dissertation is the first report of a trans-tonoplast 
RNA transport mechanism in plants. Studies done in purified mouse lysosomes characterized an 
RNA transport mechanism mediated by LAMP2C. Called RNautophagy, this process did not 
require chaperone mediated autophagy receptors, but ATP was needed to facilitate transport 
(Fujiwara et al. 2013a). DNA can also be transported into the murine lysosome by LAMP2C in a 
similar fashion (Fujiwara et al. 2013b). The cytoplasmic tail of LAMP2C also shows sequence 
specificity for binding RNA/DNA substrates containing poly-G sequences or has guanosine rich 
repeats (Hase et al. 2015).  
 
Investigations were performed to assay the capabilities of plant vacuoles to perform 
RNautophagy. Using in vitro transport assays of RNA into purified Arabidopsis vacuoles 
developed in my laboratory, I found that plant vacuoles perform a similar RNautophagy-like 
process that is enhanced by ATP and shows specificity for RNA substrates. To understand the 
nature of RNautophagy in Arabidopsis and the proteins involved, a screening method was 
developed using fluorescently labeled-RNA as a transport substrate. Through a number of 
analyses, it became clear that both ATP-binding and -hydrolysis were required for RNA 
transport, and transport did not rely on an ABC-transporter-type mechanism or an ion-gradient. 
As one method to identify proteins involved in this process, protein candidates were selected 
from a vacuole proteomics study (Carter et al. 2004). Protein candidates that might be associated 
with the tonoplast and have the potential to bind RNA and/or ATP were selected. Currently, 
based on the findings in this dissertation, the best candidate for a protein involved in 
RNautophagy in Arabidopsis is AtHelps, a DEVH-box helicase related to the DEAD-box 
helicase family.  
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DEAD-box helicases are involved in many steps of RNA-metabolism including 
translation, degradation, transport, RNA maturation, splicing, transcription, and ribosome 
biogenesis (Cordin et al. 2006). DEAD-box RNA-helicases have the ability to bind both RNA 
and ATP, and can directly hydrolyze ATP without the need for trans-acting factors (Aubourg et 
al. 1999; Tanner et al. 2003). Using fluorescently-tagged RNA, mutants lacking the DEVH-box 
helicase, Athelps, showed reduced transport of RNA into the vacuole. Another mutant, 
nucleoside phosphatase, also showed reduced RNA transport. Nucleoside Phosphatase 
expression is increased during temperature stress, has ATP binding activity, and potentially plays 
a role in modifying membrane composition (Swindell et al. 2007). Interestingly, Athelps had an 
increased autophagy phenotype, similar to that observed in rns2-2 and rns2-1 mutants, while 
nucleoside phosphatase mutants showed reduced autophagy. Increased autophagy in Athelps 
may indicate a lack of RNA homeostasis similar to rns2 mutants, and autophagy may be 
upregulated as a compensatory mechanism. It is unknown why nucleoside phosphatase had 
reduced autophagy, but it may be related to membrane composition affecting the autophagic 
process (Koga et al. 2010). Combining what we know about the functional roles of DEAD-box 
helicases with the increased autophagy observed in Athelps and reduced FL-RNA transport, 
AtHelps is currently the best protein candidate for involvement in a plant RNautophagy 
mechanism.  
 
One proposed mechanism for RNautophagy in plants is an RNA helicase-assisted-pulling 
(RHAP) mechanism. It’s possible that AtHelps resides within the vacuole lumen and is anchored 
to the vacuole membrane by a trans-membrane domain, although current localization data is 
lacking. In silico analysis suggests that Athelps has one trans-membrane domain. Similarly, 
murine LAMP2C also contains only one transmembrane domain (Fujiwara et al. 2013). During 
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RNautophagy RNA might be directed to a selective pore protein in the tonoplast by RNA-
binding proteins and inserted into the lumen. AtHelps may then bind the RNA and use its 
helicase activity to pull the RNA strand into the vacuole lumen. Results presented earlier suggest 
the RNautophagy process in plants does not have sequence preference since the fluorescent-RNA 
probe used earlier contained a random sequence. It is interesting to consider, however, what 
types of RNA might undergo this type of degradation? rRNA may not be easily accessible given 
its tight association with ribosomal proteins and secondary structure. mRNA, tRNAs, or various 
small RNAs are probably better candidates to use this degradation process but these possibilities 
have not been explored.  
 
When the cell might use RNautophagy instead of the various other mechanisms of RNA 
degradation is also unknown. Considering the vacuole rRNA accumulation data presented in 
chapter 2 of this dissertation, increased rRNA accumulation seen in rns2-2 was abolished in an 
rns2-2atg5-1 double mutant. If RNautophagy played a significant role in rRNA trafficking to the 
vacuole, then one would expect to see some rRNA accumulation in those double mutant rns2-
2atg5-1 lines. As stated earlier, it may be that rRNA is not transported by this process. Perhaps 
analysis of these mutants for other RNA species in the vacuole would give some evidence for the 
physiological role of RNautophagy. Currently, RNautophagy is only an observable phenomena. 
Future studies would be needed to understand its physiological impact.  
 
In conclusion, the work presented in this dissertation has furthered our knowledge of 
ribosome and RNA degradation processes, and establishes RNS2 ribonuclease and autophagy as 
important components to maintain RNA homeostasis in plants. 
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5.2 Future work 
 
Selectivity of autophagy for RNA or ribosomes in plants. 
It is currently unknown if the autophagy of ribosomes in plants is selective. One potential 
adaptor for this process may be AtNBR1. AtNBR1 is involved in the selective degradation of 
protein aggregates in Arabidopsis. Homologous proteins have been identified in tobacco and 
animals (Floyd et al. 2012). One possibility might be that ribosomes are ubiquitinated and 
potentially aggregate to induce their autophagic degradation. To test if NBR1 is involved in 
selective ribophagy the rns2-2 mutant, containing an increased autophagy phenotype, was 
crossed with nbr1-1 mutants. If NBR1 serves some role in ribosome turnover, then a growth or 
vacuolar rRNA accumulation phenotype might be observed in rns2-2nbr1-1 double mutants. As 
an alternative approach, FLAG-tagged ribosomal subunits are available and transgenic 
Arabidopsis lines have been developed. These lines might also be used to immuno-purify 
ribosomes and conduct a proteomics dissection of the associated proteins. If possible, proteins 
might then be screened for an ATG8 interaction motif (AIM) and studied for their involvement 
in a selective ribophagy in plants.  
 
Complementation of RNS2-1 autophagy phenotype using wild type RNS2 
The rns2-1 mutant has a similar increased autophagy phenotype as rns2-2. It is 
hypothesized that the autophagy observed in rns2-1 is a result of its reduced vacuole localization 
and exocytosis of the otherwise functional ribonuclease. To confirm that this is the case a 
complementation of the autophagy phenotype by expressing a wild type version of RNS2 in an 
rns2-1 background is required. FLAG-tagged RNS2 and RNS2-1 constructs have already been 
developed and transgenic lines are undergoing screening. Both the RNS2 and RNS2-1 constructs 
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have been transformed into wild type, rns2-1, and rns2-2 backgrounds. Expression of these 
constructs will be verified by Western-blotting and in-gel ribonuclease activity assays. Upon 
identification of transgenic lines, complementation of the increased autophagy phenotype will be 
assessed by monodansylcadaverine staining and fluorescence microscopy. Since multiple genetic 
backgrounds and two different constructs were used, these experiments will be able to answer if 
FLAG-RNS2 expression can complement the rns2-1 phenotype, and if FLAG-RNS2-1 
expression can complement the rns2-2 phenotype. I hypothesize that only FLAG-RNS2 
expression will successfully eliminate the increased autophagy phenotype and not FLAG-RNS2-
1. 
 
Determination of the localization of AtHelps protein 
To verify and better understand the role of the AtHelps DEVH-box RNA helicase in 
RNautophagy in plants, localization analysis is required. Proteomics studies have suggested the 
protein is localized to the vacuole and in silico protein analysis indicates it may contain at least 
one trans-membrane domain. The AtHelps protein is 151kDa with a ~4000nt transcript. Earlier 
studies were able to clone this gene and conduct expression analysis (Xu et al. 2011). AtHelps 
was found expressed in both shoots and roots with increased expression in roots. To 
subcellularly localize AtHelps a tagged version of the protein will be developed. As a potential 
method to reduce effects on its ATP hydrolysis or helicase activity an octapeptide FLAG-epitope 
tag will be added to the C-terminus. Addition to the N-terminus might effect localization to the 
secretory pathway and mis-localize the protein, although no N-terminal signal peptide is 
predicted to exist on AtHelps. Predicted transmembrane domains are within the first 490 to 950 
amino acids using TMpred (ExPASy). Transgenic plants will then be produced after testing 
expression of the construct transiently in Arabidopsis protoplasts. Localization of Athelps in 
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35S::AtHelps-FLAG expressing plants would be assessed by both immunofluorescence using an 
anti-FLAG antibody, and by purification of vacuoles and localization assayed by Western blots 
of protein extracts. Tonoplast localization can be investigated using ultracentrifugation with 
possible washes with ammonium bicarbonate to remove membrane interacting proteins not 
anchored within the membrane. These studies would be the first detailed investigation of the 
subcellular localization of AtHelps. 
 
Further phenotypic analysis of Athelps and nucleoside phosphatase mutants 
AtHelps and Nucleoside Phosphatase were two proteins initially selected to study for 
their involvement in plant RNautophagy. Athelps and nucleoside phosphatase mutants were both 
shown to have reduced fluorescent-RNA transport but Athelps was the only one shown to have 
increased autophagy under normal conditions, similar to the phenotype observed in rns2-2. To 
further characterize the autophagy phenotype in these mutants, crosses can be made to atg5-1. If 
autophagy is upregulated in Athelps, crossing with atg5-1 should eliminate this phenotype. If the 
increased autophagy has a significant effect on plant physiology in Athelps, growth phenotypes 
might be observed similar to what was seen in rns2-2atg5-1 mutants. nucleoside phosphatase 
mutants should undergo the same analysis. Preliminary phenotypic observations of Athelps and 
nucleoside phosphatase indicated that Athelps grew similar to wild type, while nucleoside 
phosphatase mutants were smaller than wild type. A randomized and quantifiable study should 
be conducted for rosette growth and potentially for other growth characteristics. Since it was 
hypothesized that nucleoside phosphatase mutants might have modified lipid content, 
experiments assaying the abundance of certain lipid modifications could also be done. Findings 
in these experiments may eliminate Nucleoside Phosphatase as a protein candidate in 
RNautophagy. 
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If RNautophagy is an important mechanism of RNA turnover, then mutants involved in 
the process might show RNA accumulation phenotypes similar to rns2-2 and atg mutants. 
Rosettes from Athelps and nucleoside phosphatase could be lyophilized and their RNA content 
quantified to test for accumulation. One drawback could be that a knockdown of RNautophagy 
simply results in upregulation of other RNA degradation pathways such as autophagy. The use of 
double mutants might address issues with compensatory mechanisms. A general, whole cell 
RNA accumulation assay would be one way to test the physiological importance of 
RNautophagy.  
 
Helicase activity in Athelps should also be investigated to see if that correlates with the 
reduced fluorescent-RNA transport phenotype. Vacuoles would be purified from wild type and 
Athelps mutants and biochemical helicase assays performed. A reduction in helicase activity in 
Athelps might be additional evidence for helicase activity being correlated with RNautophagy.  
 
Flow cytometry quantification of fluorescent vacuoles 
One method to study the RNautophagy-like process in plants used fluorescently-tagged 
RNA. Quantification of the transport efficacy of fluorescent-RNA was done in two ways: 
Assigning vacuoles to a population (High FL, Low FL, No FL) and counting abundance, and 
direct fluorescence quantification of each individual fluorescent vacuole in a sample image. The 
latter method of fluorescence quantification was used most heavily in later analyses using 
different inhibitor treatments, as well as assaying RNA transport efficiency in mutants. The 
earlier, direct counting method, however, showed that the number of low FL vacuoles actually 
increased in samples lacking ATP or that were RNaseA treated. In other words, the number of 
overall fluorescing vacuoles appeared to increase when ATP and the RNA portion of the 
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substrate was lacking. I hypothesize that this is a bias error during microscopy as described in the 
discussion of chapter 4. If this quantification method is deemed important then another counting 
and quantification method should be used that eliminates microscopy image acquisition bias. I 
propose using flow cytometry to quantify the number and fluorescence intensity of every vacuole 
in a given sample. One drawback of this process is that vacuoles may not have enough 
membrane integrity to survive during a flow cytometry analysis, but optimizations should be 
attempted to get a better picture of the efficiency of the fluorescent-RNA transport process on a 
per-vacuole basis. 
 
The use of FL-RNA of different lengths and measuring transport efficiency 
If AtHelps is involved in the RNautophagy-like pathway and localized to the vacuole in 
Arabidopsis, then investigations should be made into its mechanism. One mechanistic hypothesis 
is a RNA helicase-assisted-pulling mechanism (RHAP) as described earlier in the dissertation 
discussion. In RHAP, RNA would be inserted into a special transmembrane protein pore, bound 
by the RNA-helicase and pulled into the vacuole by helicase activity. The tonoplast has a 
thickness of 8-12nm (De 2000) and each set of 3 RNA nucleotides is ~1nm in length (Biro 
2012). This suggests that the minimum length of RNA required to cross the tonoplast is 24nt. 
Interestingly, the substrate previously used was 15nt in length and showed internalization. To 
test for a RHAP mechanism and if the length of RNA is important, fluorescently-tagged-RNAs 
of different lengths could be synthesized and their transport assayed by microscopy. 5nt and 10nt 
RNAs could be used to support or disprove an RHAP mechanism. A lack of internalization of a 
5nt fragment, for example, would suggest an important role of a transmembrane transporter.  
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Transporter identification using a plug and crosslink approach 
As a forward genetics approach to identify proteins involved in RNautophagy I propose 
an RNA-crosslinking experiment. An RNA oligo would be conjugated to some large molecule or 
nano-scale bead. Conjugated RNA can be incubated with purified vacuoles and allowed to 
undergo transport. Transport would be inhibited by the large molecule or bead conjugated to the 
RNA. A protein to RNA crosslinking reaction can then be performed and the transport protein 
pulled-down. Proteins pulled down could then be subjected to mass spectrometry and proteomic 
analyses to facilitate identification of the transmembrane transporter. If identified, later 
experiments could attempt to identify interacting partners that may give some indication as to the 
selectivity of the RNautophagy-like process. 
 
In conclusion, the work described here has furthered our knowledge of the function of 
autophagy and RNase T2 ribonucleases in plants in the degradation of RNA. The proposed 
future studies would address the selectivity of autophagic degradation of ribosomes, and 
potentially identify the proteins involved in RNautophagy in plants.  
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APPENDIX 
 
NNSR1, A CLASS III NON S-RNASE SPEIFICALLY INDUCED IN 
NICOTIANA ALATA UNDER PHOSPHATE DEFICIENCY, IS 
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Abstract 
 
A combined strategy of phosphate (Pi) remobilization from internal and external RNA 
sources seems to be conserved in plants exposed to Pi starvation. Thus far, the only 
ribonucleases (RNases) reported to be induced in Nicotiana alata undergoing Pi deprivation are 
extracellular S-like RNase NE and NnSR1. NnSR1 is a class III non S-RNase of unknown 
subcellular location. Here, we examine the hypothesis that NnSR1 is an intracellular RNase 	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derived from the self-incompatibility system with specific expression in self-incompatible 
Nicotiana alata. NnSR1 was not induced in self-compatible Nicotiana species exposed to Pi 
deprivation. NnSR1 conjugated with a fluorescent protein and transiently expressed in 
Arabidopsis protoplasts and Nicotiana leaves showed that the fusion protein co-localized with an 
endoplasmic reticulum (ER) marker. Subcellular fractionation by ultracentrifugation of roots 
exposed to Pi deprivation revealed that the native NnSR1 migrated in parallel with the BiP 
protein, a typical ER marker. To our knowledge, NnSR1 is the first class III RNase reported to 
be localized in ER compartments. The induction of NnSR1 was detected earlier than the 
extracellular RNase NE, suggesting that intracellular RNA may be the first source of Pi used by 
the cell under Pi stress.  
 
Introduction 
 
Ribonucleases (RNases) T2 are endonucleolytic enzymes, widely distributed in all 
kingdoms, which catalyze the cleavage of single-strand RNA [1,2]. In plants, members of the 
RNaseT2 family have been classified into three classes, class I to class III, according to gene 
structure and phylogenetic relationships [3]. There are also important functional distinctions 
among these three groups. Class I RNases are generally induced in several species in a variety of 
stress scenarios, such as phosphate (Pi) starvation (described below), pathogen and pest attack 
[4,5], insect feeding [6], and mechanical damage [7-9]. Some physiological processes, such as 
the development of xylem cells [10] and senescence [11], also display an increase in class I 
RNase expression. The ubiquitous and usually constitutively expressed class II RNases are 
involved in the homeostasis of RNA metabolism [12-14]. They are also overexpressed in certain 
stress responses or during senescence, although to a lesser extent than class I RNases [15,16]. 
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Class III RNases are primarily S-RNases, which are components of the self-incompatibility 
system in Solanaceae, Rosaceae, and Plantaginaceae and play a key role in the recognition and 
rejection of self and related pollen. S-RNases are constitutively expressed specifically in the 
pistil [17,18]. The class III RNase group also includes non-S-RNases, structurally similar to S-
RNases but without participation in the pollen recognition process [18,19]. Presumably non-S-
RNases, often called relic S-RNases, derived from S-RNases by duplication followed by 
translocation of the S-locus [20]. Non-S-RNases have been associated with defense [3, 21] and Pi 
starvation responses [22]. Class III RNases, like class I and class II, have therefore also been 
recruited to cope with environmental stress scenarios. 
 
The induction of RNases under Pi deficient conditions has been studied in several 
species, primarily Arabidopsis, Nicotiana, and tomato. At least two out of the five RNase T2 
family members of Arabidopsis, RNS1 and RNS2, were induced in seedlings under conditions of 
Pi deprivation [13,15,23]. Similarly, tomato RNases LE and LX and Nicotiana RNase NE were 
induced in cultivated cells and roots growing in Pi-deficient media [24,25,26]. RNA or DNA 
supplied to the culture medium rescued the growth inhibition caused by the absence of Pi in 
Arabidopsis seedlings [27]. Concordantly, ribonucleosides were produced in a culture medium of 
tomato cells supplied with RNA [28]. Thus, the induction of RNases under Pi deprivation 
contributed to Pi mobilization from nucleic acid sources. This induction appears to be crucial: 
RNS1 was the most abundant protein accumulating in the secretome of Arabidopsis cells 
growing under Pi starvation [29]. 
 
Interestingly, RNases induced during Pi starvation have different subcellular locations. 
While RNS1, RNase NE and RNase LE are extracellular enzymes [4,30,31], RNS2 and RNase 
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LX reside mainly in the endoplasmic reticulum (ER) and vacuoles [10,12,32]. These results 
indicate that in plant cells, Pi may be scavenged from both external and internal sources of RNA. 
It is unknown whether these different pools of RNA are mobilized simultaneously under any Pi 
stress scenario or whether the magnitude of the Pi stress regulates the selective mobilization of 
one or the other RNA source. 
 
Recently, a non-S-RNase of Nicotiana alata, NnSR1 (Nicotiana non S-RNaseI), was 
found to be induced in roots and stems of hydroponic plants cultivated under Pi deprivation [22]. 
NnSR1 appeared to be induced to recycle Pi because it was expressed in a catalytically active 
form and its expression was repressed when exogenous Pi was added to the culture medium. 
NnSR1 has sequences characteristic of S-RNases [33] and, presumably, the NnSR1 gene was 
originated from the S70-RNase, a functional allele of the self-incompatibility (SI) system. Both 
RNases share about 80% amino acid identity and are placed together in a phylogenetic tree, with 
a robust bootstrap value [19]. Like S-RNases, NnSR1 expression is specific and constitutive in 
styles under normal conditions of growth [22]. Non-S-RNase genes derived from the S-locus 
have been found in several self-incompatible species [19,34-36] although no function had been 
described previously for these genes until recently [22]. The induction of NnSR1 and its capacity 
to recycle Pi in roots exposed to Pi deficit seems to be similar to that of the extracellular RNase 
NE [26]. However, previous evidence suggests that NnSR1 may have an intracellular 
localization [22]; thus, rather than being redundant, NnSR1 and RNase NE activities may be 
complementary, scavenging Pi from intracellular and extracellular sources of RNA, respectively. 
The distinctive features of NnSR1 and RNase NE amino acid sequences are shown in Fig. 1. 
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Here, we compared the expression of several RNases of Nicotiana alata under conditions 
of Pi deprivation. We confirmed that NnSR1 and RNase NE are the only RNases examined so 
far that are induced by Pi stress, and that they are differentially expressed in self-incompatible 
and self-compatible Nicotiana species. This apparent redundancy in the response to Pi-starvation, 
i.e. induction of different enzymes with the same activity, could be explained if these enzymes 
carry out their activity in different cellular locations or at different times during the stress 
response. Given that RNase NE is secreted to the apoplast, we tested the subcellular localization 
of NnSR1. Both confocal fluorescence microscopy and immunochemical approaches 
consistently showed that NnSR1 was predominantly in ER compartments. Thus, in Nicotiana 
alata, like in Arabidopsis and tomato [12,30-32], a combined strategy of Pi remobilization from 
internal and external RNA sources is used, even if the evolutionary origin of the enzymes 
involved in this process differs between species. Results also show that the NnSR1 protein 
accumulation is detected earlier than RNase NE, suggesting that intracellular sources of RNA are 
mobilized before extracellular sources under Pi starvation. The adaptation of class III NnSR1 to 
a new function and subcellular localization is discussed. 
 
Results 
 
Differential expression of RNase T2 genes from Nicotiana alata under Pi deprivation  
Remarkable differences were observed in four RNase T2 genes of Nicotiana alata when 
their expression patterns were compared in roots and leaves grown with and without Pi (Fig. 2). 
NnSR1 and RNase NE [22, 26] were clearly induced in conditions of Pi deprivation, while NGR2 
and NGR3 [46], were expressed at similar levels both in Pi-sufficient and Pi-deficient conditions. 
Two other RNase T2 genes, Sc10-RNase and NnSR2 [19, 22] were not expressed either with or 
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without Pi (results not shown). Thus, NnSR1 and RNase NE appear to be the main members of 
RNase T2 family involved in Pi recycling during Pi starvation. Regardless of this common 
function, we focused on the distinctive features of NnSR1 and RNase NE to gain more insight 
into how the Pi-rescue system is regulated in Nicotiana alata. Phylogenetic analysis showed that 
RNase NE and NnSR1 grouped in different clades (Fig. 3A); RNase NE is a class I S-like RNase 
expressed in several self-compatible species and in self-incompatible Nicotiana alata (Fig. 3B). 
In contrast, NnSR1 was presumably derived from the self-incompatibility system by duplication 
from the functional S70-RNase allele [19], and it was expressed in self-incompatible Nicotiana 
alata but it is absent or not expressed in self-compatible species.  
 
Subcellular localization of NnSR1 
Previous results showed that when Nicotiana alata is hydroponically grown in Pi-limiting 
conditions, NnSR1 is not secreted to the culture medium and is present in a microsomal fraction, 
suggesting that it may be an intracellular RNase [22]. To determine the subcellular localization 
of NnSR1, we first expressed a recombinant NnSR1 protein in Arabidopsis leaf protoplasts, 
fused at its C-terminus to the Cer fluorescent protein (Supplementary Fig. A1) [38]. Confocal 
microscopy imaging of NnSR1-Cer fusion protein revealed a reticular labeling pattern, similar to 
that exhibited by the ER marker HDEL-YFP (Fig. 4). This reticular pattern was clearly different 
from the typical punctate pattern displayed by the golgi-YFP marker. Coexpression of NnSR1-
Cer and ER-YFP marker showed an almost complete overlap between the two signals indicating 
that NnSR1-Cer resides in ER compartments. No colocalization was seen when NnSR1-Cer was 
coexpressed with the golgi-YFP marker, revealing that NnSR1-Cer was not localized in golgi 
compartments of Arabidopsis protoplasts.  
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NnSR1-Cer fusion protein was then transiently expressed in leaves of Nicotiana 
benthamiana, a close relative of Nicotiana alata. Confocal laser microscopy once again showed 
the fusion protein in a dense fluorescent network in epidermal cells of infiltrated leaves (Figs. 5A 
and 5B). Coexpression experiments revealed a significant overlap between NnSR1-Cer and the 
ER-YFP marker fluorescence. Similar results were obtained by examining the fluorescence at 36 
and 60 hours after leaf infiltration, suggesting that ER localization of NnSR1-Cer was not due to 
transient protein accumulation within the secretory pathway. Some overlap between NnSR1-Cer 
and the golgi-YFP signals was also detected; however, this level of colocalization was almost 
three fold lower than that observed between NnSR1-Cer and the ER marker, as determined by 
comparison of Pearson's coefficient values (Fig. 5C). Thus, the subcellular localization of 
NnSR1-Cer, visualized by fluorescence microscopy both in protoplast and in planta expression 
systems, showed that this fusion protein was primarily associated with ER structures. 
 
To confirm the subcellular localization of endogenous NnSR1, a biochemical approach 
was carried out using roots grown under Pi deprivation. A microsomal fraction isolated from 
these roots was subjected to ultracentrifugation in a sucrose density gradient with and without the 
addition of Mg2+ (Fig. 6). The density of the ER is increased in the presence of Mg2+ due to its 
stabilization of ribosome binding to ER membranes [47]. Under these conditions, NnSR1 and the 
ER marker BiP (Binding Protein) were detected in fractions migrating to 30-40% (w/w) sucrose. 
The absence of Mg2+ induced a shift in both NnSR1 and BiP mobilities, which migrated to lower 
density fractions, between 10 and 20% (w/w) sucrose. Taken together, subcellular localization by 
fluorescence microscopy and immunoblot of subcellular fractions obtained by high speed 
centrifugation indicated that NnSR1 was predominantly localized in the ER. 
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NnSR1 is produced in a glycosylated form 
The predicted molecular weights of precursor and mature NnSR1 proteins are around 25 
and 23kDa, respectively (GenBank accession no. D63887.1). However, using western blot 
analysis we estimated a molecular weight of 31kDa for NnSR1 [22]. This difference may be 
caused by N-glycosylation at the Asn 49 site of the NnSR1 precursor. This site, included in the 
conserved active site I (CAS I), is commonly glycosylated in T2 class III RNases [2]. Thus, we 
tested the hypothesis that NnSR1 is glycosylated by incubating root extracts from plants exposed 
to Pi deprivation with N-glycosidase F (Fig. 7). While the signal of NnSR1 became fainter, at 
least two to three activity bands of lower molecular weight, corresponding to different 
glycosylation states, were evident after deglycosylation treatment, indicating that NnSR1 is 
produced in a glycosylated form. 
 
Time course of NnSR1 and RNase NE expression from roots under Pi deprivation 
Given that both RNase NE and NnSR1 were induced in root by Pi deprivation, and that 
they displayed a different subcellular localization, we were interested in comparing the temporal 
pattern of expression for each of these RNases. A time course of transcript relative abundance, 
assayed by semi-quantitative RT-PCR, showed that NnSR1 and RNase NE were induced in 
parallel during Pi starvation (Fig. 8A). The signal increase was gradual between 3 and 5 days of 
culture. However, a more pronounced increase of transcript accumulation was observed earlier 
for NnSR1 (day 7) than for RNase NE (day 9). The detection of both RNases by protein gel blot 
analysis showed that NnSR1 gradually increased from days 3-6 onwards while RNase NE was 
observed only from days 9-12 onwards. The induction pattern of RNase activity also showed 
earlier detection of NnSR1, consistent with the western blot assay (Supplementary Fig. A2). 
These results suggest that accumulation of the intracellular NnSR1 protein could occur before 
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that of the extracellular RNase NE protein. As expected, the relative NGR2 and NGR3 transcript 
abundance was constant throughout the culture period, and no difference was observed with or 
without the addition of Pi to the culture medium (Supplementary Fig. A3).  
Discussion 
 
In this work we studied the expression pattern of several RNase T2 genes of Nicotiana 
alata under Pi deficiency, focusing on NnSR1 and RNase NE. We confirmed that, thus far, 
NnSR1 and RNase NE are the only RNase T2 genes induced by Pi starvation in this species. 
Using confocal microscopy and biochemical approaches, we studied the subcellular localization 
of NnSR1, demonstrating that it is predominantly an ER-resident RNase. The detection of 
NnSR1 protein accumulation slightly preceded that of the extracellular RNase NE, which 
suggests that intracellular RNA may be the first source of Pi used by the cell under Pi stress.  
 
The duplication of S-RNase genes, followed by translocation from the S-locus and loss of 
functionality in the pollen recognition, is a common event in species with S-RNase based self-
incompatibility. The products of these duplication events were called relic- or non-S-RNases 
[18-20, 34-36]. Based on the 81% identity shared by the two RNases and the phylogenetic 
analysis (Fig. 3A), we propose that NnSR1 was derived from duplication of S70-RNase, a 
functional allele in the self-incompatibility system [19]. The induction of NnSR1 in ER 
compartments in response to Pi starvation also implies that duplication was followed by the 
acquisition of a new subcellular localization and function. To our knowledge, NnSR1 is the first 
class III RNase reported to be localized in the ER. The other members of this group, the S-
RNases involved in the self-incompatibility reaction, enter the secretory pathway and are 
secreted to the extracellular matrix of the transmitting tissue, where they are subsequently 
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internalized by pollen tubes [48, 49]. On the other hand, the fact that NnSR1 is only present in 
Nicotiana alata but not in its self-compatible relatives suggests that the acquisition of the new 
function by NnSR1 may have occurred after speciation of the Nicotiana genus (Fig. 3B). 
 
In a previous report, NnSR1 was detected in a root microsomal fraction but not in the 
extracellular medium of a hydroponic culture, suggesting an intracellular location for this RNase 
[22]. Further characterization by fluorescence microscopy clearly demonstrated that the fusion 
protein NnSR1-Cer was associated with ER compartments. Similar results were obtained by the 
coexpression of NnSR1-Cer and the ER marker YFP-HDEL either in Arabidopsis leaf 
protoplasts or N. benthamiana leaf epidermal cells (Figs. 4 and 5). Moreover, after subcellular 
fractionation of Pi-deprived roots, native NnSR1 was immunodetected in the same fractions as 
the ER marker BiP (Fig. 6). This is consistent with results obtained by fluorescence microscopy 
and argues against an artifact caused by the addition of the cerulean tag to NnSR1. Overall, these 
results provide convincing evidence that NnSR1 is an ER-resident class III RNase.  
 
Several class I and II S-like RNases are ER resident proteins, although the ER retention 
signal is not clearly identified in all of them. In some RNases, this signal is related to a C-
terminal extension of their sequences. For instance, tomato RNase LX [10] and Nicotiana NGR3 
[46] are retained in ER compartments by virtue of the tetrapeptide HDEF, included in such a C- 
terminal extension. The amino acid sequence of Arabidopsis RNS2 also possesses this extension, 
although the ER retention signal is not as conserved [12,15], while tomato RNase LER lacks any 
known ER retention signal [14]. NnSR1 has an N-terminal signal peptide that directs the protein 
to the secretory pathway, but does not contain a recognizable ER-localization signal.  
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It has been demonstrated recently that golgi-mediated glycosylation determines the subcellular 
fate of Rny1, the RNase T2 in Saccharomyces cerevisiae [50]. A similar mechanism may operate 
in NnSR1 which has an N-glycosylation site (Asn 49) that seems to be glycosylated, since its 
migration pattern was changed upon incubation with N-glycosidase F (Fig. 7). Further studies 
involving the use of point mutation experiments may allow the direct testing of the role of the 
Asn49 linked glycan in NnSR1 localization. 
 
Active NnSR1 accumulated in response to Pi deficiency, and its expression was 
suppressed in the presence of Pi [22]. Considering that the induction of RNases under Pi 
starvation has been related to nucleic acid degradation [27, 28], we propose that NnSR1 may be 
degrading RNA during Pi stress for Pi recycling in the ER. This recycling mechanism could be 
similar to the one proposed for Arabidopsis RNS2, a class II RNase found in ER and vacuoles 
that is constitutively expressed and further induced by Pi starvation [12, 31]. Hillwig et al. [12] 
suggested that a ribophagy-like process could occur in plant cells to scavenge Pi from rRNA. 
Through this process, ribosomes are targeted for degradation, as was observed in yeast 
undergoing nitrogen starvation [51]. Regardless of this evidence, the existence of a ribophagy-
like process in plants is not yet conclusive [52], and the potential involvement of NnSR1 in RNA 
degradation requires further study. 
 
Why was NnSR1 maintained in Nicotiana alata, despite the apparent redundancy with 
other RNases with similar functions? Plants appear to have a dual strategy under Pi starvation, 
scavenging Pi from both intracellular and extracellular sources of RNA [2]. NnSR1 may have 
acquired a novel function after duplication from an ancestral gene involved in the self-
incompatibility system, and was maintained because it provided Nicotiana alata with greater 
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plasticity in resilience to Pi stress, through mobilization of intracellular RNA. This function may 
be critical because, considering the time course expression of NnSR1 and RNase NE (Fig. 8), 
intracellular RNA appears to be the first source of Pi used by the cell under Pi stress. Similar 
results were obtained in tomato when comparing the expression profile of extracellular RNase 
LE and intracellular RNase LX under Pi starvation [25]. 
 
In summary, we report here that NnSR1, a class III RNase derived from the self-
incompatibility system, is an ER-resident RNase induced by Pi starvation in Nicotiana alata. It is 
very likely that NnSR1 recycles Pi from endogenous rRNA, the main reserve source of cellular 
Pi. The localization and function of NnSR1 resemble those of S-like RNases, suggesting that 
after duplication of the S-locus, NnSR1 regained ancestral functions of class I or class II RNases, 
to adapt to environmental challenges [53,54]. Further research is required to determine whether 
this RNase is specifically expressed under Pi deficit or, like class I S-like RNases, is also induced 
under other environmental stresses. 
Methods 
 
Plant material and growth conditions 
Nicotiana alata, Nicotiana longiflora [19], Nicotiana tabacum and Nicotiana 
benthamiana were germinated and hydroponically cultivated in conditions as previously 
described [22]. Nicotiana benthamiana used for transient expression experiments was soil-grown 
in a greenhouse at 28ºC and long day photoperiod, without humidity control. Arabidopsis 
thaliana ecotype Columbia-0 plants were grown in chambers at 21ºC with 16h light and 60% 
humidity. Mesophyll protoplasts were prepared from rosette leaves according to [37]. 
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RNA extraction and RT-PCR conditions 
Total RNA from roots and leaves was prepared using TRI Reagent Solution (Ambion) 
following the manufacturerʹs instructions. RNA was then treated with TurboDNase (Life 
Technologies) to remove genomic DNA contamination. For RT-PCR amplification, 1mg of total 
RNA and 5.5mM oligo-dT were incubated for 5min at 70ºC, chilled in ice water for 5 min, and 
mixed with 6mM MgCl2, 0.5mM dNTPs, 1µL of ImProm-II Reverse Transcriptase and ImProm-
II buffer (Promega) in a total volume of 20µL. Single-stranded cDNA synthesis was performed 
for 1h at 42ºC, according to the manufacturer’s instructions. A 2µL aliquot of cDNA synthesis 
reaction was used as template for the amplification step, performed in a 20µL reaction containing 
0.4units of GoTaq Flexi DNA polymerase (Promega), Green GoTaq Flexi buffer, 1.5mM 
MgCl2, 0.2mM dNTPs, 0.4µM of each primer, and 12.5–33pg DNA. The reaction was incubated 
at 95ºC for 5min and then at 32 cycles of 1min at 94ºC, 45s at the annealing temperature 
indicated in Supplementary Table 1 and 1min at 72ºC, followed by a final extension step of 5min 
at 72ºC. Details of primer sequences, and PCR product sizes are indicated in Supplementary 
Table 1. Amplified fragments were analyzed on 1% agarose gels and assessed by densitometry 
with Gel-ProTM Analyzer 3.0 software. Transcript abundances are indicated relative to an actin 
transcript. 
 
Plasmid construction and transformation procedures 
The NnSR1 coding sequence was amplified from pistil cDNA avoiding the stop codon 
and introducing the Xba1 and BamH1 restriction sites. Cerulean (Cer) fluorescent protein and 
nos 3´sequences were extracted from pAN578 [38] by digestion with BamH1 and Kpn1 
enzymes. After assembly, the NnSR1-Cer fusion protein was cloned into Xba1 and Kpn1 sites of 
pCAMBIA1300MCS1, a binary expression vector derived from pCAMBIA1300 [39] 
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(Supplementary Fig. A1). ER-YFP and golgi-YFP markers [40] were obtained from the 
Arabidopsis Biological Resource Center (Ohio State University). 
 
Nicotiana benthamiana leaves were agroinfiltrated following the procedure described by 
Ma et al. [41]. Infiltrated plants were incubated under the growth conditions described above for 
2-3 days before visualization by confocal microscopy. 
 
Transient transformation of Arabidopsis rosette leaf protoplasts was performed according 
to [37]. Ten to 20µg of ER-YFP, Golgi-YFP, or NnSR1-Cer plasmid DNA was used for each 
transformation. Transformed protoplasts were incubated 2-3 days at 22ºC in darkness on an 
orbital shaker at 50rpm and visualized using confocal microscopy.  
 
Fluorescence microscopy 
Confocal microscopy was performed using a Leica SP5 X MP confocal multiphoton 
microscope at the Iowa State University Confocal and Multiphoton Facility. Nicotiana leaves 
were imaged using an HCX PL APO CS 40.0x1.25 oil objective and Arabidopsis protoplasts 
were imaged using an HPX PL APO CS 63.0x1.40 oil objective. Confocal microscopy used an 
excitation/emission of 405nm/458-490nm for Cer and 514nm/525-600nm for YFP. For co-
localization analysis, Fiji software was used to quantify pixel intensity and Pearson’s coefficient 
[42]. 
 
Tissue extraction and subcellular fractionation  
For each culture period, roots from three representative plants cultivated with or without 
Pi were mixed and extracted as described in Rojas et al. [22]. Homogenates were centrifuged at 
16,000xg for 15min, the pellet was discarded and the supernatant was subjected to additional 
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centrifugation at 110,000xg for 50min. The supernatant was saved and microsomes were washed 
and resuspended in centrifugation buffer (10mM Tris-HCl, pH 7.5; 2mM EDTA; and 1mM 
dithiothreitol). Microsomes were then subjected to a discontinuous sucrose gradient prepared by 
layering 0.5mL each of 45%, 40%, 35%, 28%, 20% and 10% sucrose (w/w) in centrifugation 
buffer. For samples in the presence of Mg2+, 7mM MgCl2 was added to the centrifugation buffer. 
The gradient was centrifuged at 110,000xg for 12h at 4ºC and fractions of 0.25mL were collected 
and assayed by SDS-PAGE and western blot as detailed below. Protein content was estimated 
with Bradford reagent (Bio-Rad, Richmond, CA, USA). 
 
In gel ribonuclease activity, deglycosylation, and Western blot assays 
Electrophoresis for in-gel RNase activity staining was performed according to Yen and 
Green [43] with modifications described by Rojas et al. [22]. Band signals were visualized with a 
UVP EC3 bioimaging system (UVP Inc., Upland, CA, USA) and assessed by densitometry with 
Gel-ProTM Analyzer 3.0 software. 
 
Western blot analysis was performed following the procedure previously described [22]. 
The antibody recognizing NnSR1 (1:2000) was described earlier [22]. RNase NE antibody 
(1:800) was kindly gifted by Dr. Eric Galiana (Sophia Agrobiotech Institute, University of Nice 
Sophia Antipolis, CNRS, France). BiP antibody (ac-19; 1:500) was from Santa Cruz 
Biotechnology (Dallas TX, USA). Band signals were visualized with an Odyssey infrared 
imaging system (LICOR Biosciences) and then assessed by densitometry with Gel-ProTM 
Analyzer 3.0 software. Deglycosylation was performed as described by MacIntosh et al. [44]. 
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Phylogenetic analysis 
Protein sequences were obtained from GenBank. Sequence alignment was carried out 
using ClustalW2 [45], followed by manual adjustment. A phylogenetic analysis with the 
Neighbor Joining (NJ) method was performed using the CLC bio software package, with 1,000 
bootstrap replications. 
 
Statistical analysis 
The data shown are the average ± standard error means (SEM) of at least three 
independent experiments. Statistical analyses were carried out through Student´s t test using the 
GraphPad Prism V5.0 statistical software. 
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Figures and tables 
 
 
 
Figure 1. Protein sequence alignment of NnSR1 and RNase NE. Predicted signal peptides of 
NnSR1 and RNase NE are underlined. The site of N-glycosylation of NnSR1 is indicated by an 
asterisk. Conserved active site (CAS) regions, typical of RNase T2 family members [1], are in 
boldface. Solid dots indicate active site amino acids. Amino acid patterns that distinguish class 
III RNases and S-like RNases [33] were shaded in NnSR1 (dark grey) and RNase NE (light gray) 
sequences, respectively. 
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Figure 2. Transcript differential expression of four RNases of Nicotiana alata under Pi 
sufficient and Pi deprived conditions. Specific primers for RNases NnSR1, RNase NE, NGR2, 
and NGR3 were used for RT-PCR amplification of roots and leaves exposed to 14 days to Pi 
deprivation. A representative gel and the statistical analysis are shown. Signal intensity values 
represent the mean ± S.E.M. of three independent experiments. Data were statistically analyzed 
using a t-test. ***P< 0.001. Pi+, Pi-sufficient medium; Pi-, Pi-deficient medium.  
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Figure 3. Phylogenetic relationships and differential expression of RNase NE and NnSR1 in 
Nicotiana. (A) A phylogenetic tree was estimated by the Neighbor-Joining method using only 
conserved regions. The tree was rooted using algal sequences. Bootstrap values are indicated for 
each branch. Scale bar: amino acid substitutions per site. Accession number for sequences used, 
from top to bottom, are BAC77613, AAA21135, NP_001234195, P42813, AY528721, 
AY517470, NP_001234551, BAA84469, LOC_Os07g43640 and LOC_Os07g43600 from Rice 
annotation project, ADG57008, BAA24017 (NnSR1), CAA40216, AAB07492, Q40381, 
BAC00930, BAC00932, Q7SID5, CAC50874, NP_030524, CAL64053, BAA84468, 
BAA95359 and  BAE06157. (B) NnSR1 and RNase NE expression was assayed by western blot 
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in root extracts of four Nicotiana species subjected to Pi deprivation for 14 days.  Thirty µg of 
protein were loaded in each lane. SI, self-incomptible; SC, self-compatible. Pi+, Pi-sufficient 
medium; Pi-, Pi-deficient medium. 
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Figure 4. Localization of NnSR1-Cer in endoplasmic reticulum of Arabidopsis leaf 
protoplasts.  Protoplasts prepared from Arabidopsis rosette leaves were transiently transformed 
with the constructs indicated on the left. Cer and YFP fluorescence were visualized by confocal 
microscopy. Transformation with the empty vector pCAMBIA1300MCS1 was used as a 
fluorescence control. Arrow points to the colocalization of NnSR1-Cer and YFP-ER marker. 
Scalebar= 5 µm. 
 
 
 
Figure 5. Localization of NnSR1-Cer in endoplasmic reticulum of Nicotiana benthamiana 
leaves. (A) Leaves were transiently transformed by agroinfiltration with the constructs indicated 
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on the left. Cer and YFP fluorescence were visualized by confocal microscopy. Transformation 
with the empty vector pCAMBIA1300MCS1 was used as a fluorescence control. Arrow 
indicates colocalization of NnSR1-Cer and the ER-YFP marker. Scale bar= 25 µm. (B) 
Colocalization analysis using Fiji software to quantify pixel intensity in each fluorescence 
channel following the path indicated in the figure. Scale bar = 25 µm. (C) Pearson’s 
colocalization coefficient analysis for ER-YFP with NnSR1-Cer and YFP-Golgi-YFP with 
NnSR1-Cer using Fiji software. Pearson's coefficient was derived from 11-12 images of three 
independent experiments. Error bars represent standard deviation. 
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Figure 6. NnSR1 is associated with ER structures in roots exposed to Pi deprivation. 
Subcellular fractionation of roots grown for 14 days without Pi. (A) Root extracts were 
centrifuged at 110.000 xg for 50 min. NnSR1 and the ER marker BiP were immunodetected by 
western blot in supernatant (SN) and microsomal (MC) fractions. Thirty µg of protein were 
loaded in each lane. (B) Microsomal fraction was subjected to high speed centrifugation in a 
discontinuous sucrose gradient, in the presence (+) or absence (-) of Mg2+. Twenty five µL of 
each fraction were assayed by western blot using antibodies against NnSR1 and the ER marker 
BiP.   
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Figure 7. Deglycosylation assay of NnSR1. Root extracts from plants exposed to 14 days of Pi 
deprivation were incubated at 37 °C for 5 min with (+) or without (-) the addition of N-
glycosidase F. After the incubation, the extracts were analyzed by in gel-RNase activity assay. 
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Figure 8. Temporal expression of RNase NE and NnSR1 in hydroponically grown roots 
under Pi sufficient and Pi deprived conditions. (A) Specific primers were used for RT-PCR 
amplification of RNase NE and NnSR1 transcripts in Pi sufficient (Pi+) and Pi deficient (Pi-) 
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conditions. Representative gels and the statistical analysis are shown. Signal intensity values 
represent the mean s.e.m. of three independent experiments. Data were statistically analyzed 
using a t-test. ***P< 0.001. (B) RNase NE and NnSR1 protein expression was assayed by 
western blot on roots grown in Pi deficient medium.  Thirty µg of protein were loaded in each 
lane. 
 
Supplemental Figures 
 
Figure A1. Schematic of plasmid construction designed to obtain the NnSR1-Cer fusion protein 
used in localization studies.  
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Figure A2. Temporal expression of NGR2 and NGR3 transcripts. Specific primers of RNases 
NGR2 and NGR3 were used for RT-PCR amplification of roots grown for different number of 
days in Pi sufficient (Pi+) and Pi deficient (Pi-) conditions. Representative gel and the statistical 
analysis are shown. Signal intensity values represent the mean ± S.E.M. of three independent 
experiments. Data were statistically analyzed using a t-test.  
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Primer 
Pair 
Primer Sequences 
5´→ 3´ 
Annealing 
Temperature 
(ºC) 
RT-
PCR 
product  
size 
(bp) 
C2f 
C5r 
AACTTTACRATYCAYGRCTTTG 
RAAACATATRCCWAYCTC 
 
47,4 ~420 
C2f 
C4r 
see above 
CARAAGATCAAACTTRTCT 
 
47,4 ~280 
NnRS1f 
NnRS1r 
GACTGTGGAGACATTTACGA 
TAGGATACGCTTGAGTAACTGCT 
 
63 313 
NnRS2f 
NnRS2r 
TTAACTGCGAGTCAAATAAG 
AATGCAGTTGAGGTTAGGA 
 
53,9 332 
NEf 
NEr 
ATCCATGGACTTTGGCCTAA 
ACAAGTGCCATGTTTTTCCCATTCATG 
 
58 203 
NGR2f 
NGR2r 
CACAATTCATGGACTTTGGAC 
ATCTGATGGTACATATCCAGC 
 
57 316 
NGR3f 
NGR3r 
CGGCATCTTATTGTGACACAA 
GGTTTGATTTCTTCCTGAAGTC 
 
57 321 
Actinf 
Actinr 
TGGAGAAGATATGGCATCATAC 
CTGGAAGGTGCTGAGGGAAG 
 
55,7 840 
NX1f 
 
 
CK1r 
CTATTATCTAGAAATTACAAGATG 
TTTGGATCGCA   
 
CTCATAGGTACCAGATCTGTACAG 
CTCGTC 
 
57 ~1400 
NX1f 
 
 
NBHr 
TTATCTAGAAATTACAAGATGTTT 
GGATCGCA   
 
ATAGGATCCATTTAGAGGAAAACT 
AATTTC   
57 ~650 
Table 1 Primer pairs and amplification conditions used in this work. 
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